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Photothermal reflectance investigations as a function of temperature of various forms of
silicon (crystalline, ion-implanted, amorphous) are reported largely in the thermal wave
regime (low-modulation frequencies and large laser beam spot sizes). The observed results
have been explained by a thermal wave model that has been extended to include the

effect of lattice temperature. The influence of substrate on the observed signal has been
examined in light of the temperature and frequency dependence of the thermal diffusion
length. The possible application of the technigue to depth-profiling studies, and to the
investigation of ion-implanted semiconductors, is discussed.

i, INTRODUCTION

Puring the last few years, photothermal wave physics
has been successfully applied to the investigation of semi-
conductor properties. The noncontact character of the as-
sociated technigues makes them particularly atiractive for
the nondestructive evaluation of materials. Some of the
noncontact methods that employ optical excitation include
(i} moduiated thermoreflectance or photothermal refiec-
tance (PTR )}, which is able to detect the local variations in
the reflectivity of the material’; (ii) photothermal deflec-
tometry, which allows measurements of the induced ther-
moelastic deformation of the surface™’; (iii) photothermal
beam deflection, which samples the refractive index gradi-
ent in the specimen or above its surface®; and (iv) photo-
thermal radiometry, which allows the measurement of the
optically induced emission of the blackbody radiation of
the surface.™®

The photothermal reflectance technigue has recently
been empioved as a method for characterizing silicon dam-
aged by ion implantation.”'® However, all of the previous
studies have been performed at room temperature. In this
work, we present some resulis extending the conventional
laser-induced FTR methed to low temperatures { =20 K).
Such measurements allow the estimation of certain impor-
tant characteristics such as the local electronic and ther-
mal transport parameters, which, in the case of implanted
semiconductors, provide an indication of the local degree
of damage. Considering the significant amount of informa-
tion provided by the PTR-T (temperature) method, such
studies are expected to be very fruitful with regard to the
understanding of the underlying physics of the optical and
thermal phenomena in semiconductors.

The aim of this paper is to present and interpret new
results concerning the temperature dependence of the pho-
tothermal signal in silicon. Towards this end, PTR mea-
surements as a function of temperature (7: 20-300 K} and
modulation freguency ( fi 3—4000 kHz) have been con-
ducted on different silicon samples: p-type crystalline wa-
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fers, arsenic- and phosphorus-implanted (annealed and no-
nannealed} layers, and amorphous films deposited on a
crystalline silicon substrate. Such a study will complement
the room-temperature PTR investigation reported in the
companion paper.” The variety of samples and the choice
of the experimental parameters will allow us to vary the
relative contributions of the thermal wave and the plasma
wave mechanisms that give rise to the measured signal. As
was discussed in part 1° the present studies were per-
formed in the PTR thermal wave regime (relatively low-
modulation frequencies and defocused laser beams). As
will be shown below by a model that incorporates the tem-
perature dependencies of material parameters, the observ-
ed experimental trends corroborate, and can be satisfacto-
rily explained in terms of, the thermal wave picture alone.
In addition, the influence of temperature and the modula-
tion frequency on the thermal diffusion length will be dis-
cussed.

il. THEQRY

The mechanism of PTR signal generation in semicon-
ductors can be understood in terms of the induced modu-
lation of the refractive index. Generally, there are two
{coupled) contributions to the modulation, due to the ex-
cersions in the local sample temperature (thermal-wave
effect) and due to the photo-induced changes in the free-
carrier density (plasma-wave effect}.’!> We can express
the total PTR signal, AR/R,, as

AR ARy, ARy
Ry™ R, Ry’
where ARy, and AR, are the photothermal signal compo-
nents due to the thermal and plasma effect, respectively,
and Ry is the reflectivity at temperature Ty and plasma
density Ny Quantitatively, Eq. (12) can be wriiten as!®
AR 1 /R 1 /OR AN b
R _R0<6T) + RU<8N) i (1b)

{1a)
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where 1/R,(SR/0T) and 1/Ry{3R/3N}) are the tempera-
ture and the plasma coefficients of reflectivity (the latter
can be negative) and AR, AT, and AN are the local vari-
ations in the reflectance, temperature, and plasma density,
respectively, brought about by the heating laser. The rela-
tive importance of the two mechanisms is determined by
the w X 7 product, where o = 2uf is the angular modula-
tion frequency, and 7 is the lifetime of the excess free
carriers. The situation is described schematically in Fig. 1.
Essentially, the value of @ X7 specifies the ratio of the
relaxation to the detection time in a given cycle. Thus,
when the product is much less than unity, the plasma has
thermalized with the lattice (the excess carriers have de-
cayed) and the detector is measuring the change in reflec-
tivity due to the local ternperature rise. On the other hand,
when @ X 7> 1, the generated carriers exist long enough to
be detected, and the plasma contribution may become
comparable to the thermal contribution, or even dominate
it. In our experiments, the situation is somewhat compli-
cated because the relaxation time is a decreasing function
of temperature“:

™(T)=1/ado(T), (2)

where «, is a constant or proportionality which depends on
the particular mechanism by which recombination takes
place, and d, is the equilibrium carrier concentration,
which increases with temperature. Thus, lowering the ex-
perimental temperature increases the o X7 product at a
given modulation frequency. Typical room-temperature
values of the relaxation time are 7~10 "% s for ¢-Si,!M!*
and several orders of magnitude lower for damaged or
amorphous layers.!® Hence, for example, at the experimen-
tal frequency of 100 kHz, we expect to be largely in the
thermal regime for ion-implanted silicon (at all measure-
ment temperatures) and to be in the combined thermal/
plasma regime for the crystalline wafer. To ensure thermal
wave behavior for the crystalline sample, additional studies
at a lower modulation frequency f= 3 kHz were per-
formed, thus limiting the plasma contribution to the
plasma/lattice thermalization mechanism. Similar
approaches were previously discussed by Guidotti and van
Driel.'®

In the ensuing analysis, we present a quantitative the-
oretical approach!”'® that we extend to include the effect
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of measurement temperature. In this model, the contribu-
tion from photoinduced plasma was not included, and the
temperature effects are explained solely in terms of the
thermal-wave T dependence of modulated reflectance. In
general, this first-order approximation is not expected to
be sirictly adequate at low temperatures or at high-
modulation frequencies, but most of the trends in our data
can be adequately described by the temperature depen-
dence of the thermal wave term alone (see also Ref. 16).
Additional work is underway to determine the extent to
which the plasma wave term is playing a role in our mea-
surements, and whether its temperature dependence in dif-
ferent silicon environments may be experimentally decou-
pled from that of the purely thermal wave contribution.

To evaluate the thermoreflectance component of the
PTR signal, we follow the derivation given by Wetsel,'’
and Doka, Mikos, and Lorincz.'® In this one-dimensional
(x} formulation, the specimen is assumed to behave as a
semi-infinite medium with a siress-free boundary and a
surface heat source of density k, at x=0 {which is brought
in as a boundary condition). The solution of the coupled
thermal diffusion and elastic-wave equations yields an ex-
pression for T(x,f}, where t is the time. In applying this
solution to cur particular experiment, we foliow the devel-
opment given by Doka and co-workers.!® There, it is
shown that the photothermal signal will be proportional to
the variations in the surface temperature 7(0,f}, whose
steady-state level is equal to the temperature in our exper-
imental chamber. The resultant signal amplitude may be
written: as

ARu(T)

e g { KLU, W0 s 3
R, & )_Fg:m\/(prk) (3

where p is the density of the solid, C is the specific heat at
constant volume, and k is the thermal conductivity.
glnku,w) is an essentially temperature-independent fac-
tor which is a function of the real and the imaginary parts
of the refractive index of the medium (#n,x) at a reference
temperature, and of the total temperature derivatives of
the real and imaginary parts of the dielectric constant
(vw). We note in Eq. (3) that the signal is inversely pro-
portional to the square root of anpular frequency. It is also
inversely proportional to the sample thermal effusivity
(which is a function of temperature). This latter fact will
largely dictate the temperature dependence of the thermal
wave component of the PTR-T signal, as the refractive
index components and their derivatives are expected to
exhibit only weak T dependencies.

The effect of the photogenerated plasma, which be-
comes important for o7 > 1, has been studied by several
workers.!"'? Assuming a spatially homogeneous e-h
plasma, and a simple Drude effect model, the plasma re-
flectance term gives

AR (T) 24%* AN
Ry,  wm*uliain’—1)

; (4)

where e is the electron charge, m* is the electron’s effective
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mass, U, is the velocity of light, and A is the optical wave-
tength of the probe laser. The temperature-varying param-
eters in the above expression are the real part of the re-
fractive index, n, and the excess plasma density, AN (we
ignore the small change in the effective mass which arises
because of the slight shifi of the silicon’s energy levels with
temperature}. As a result, the term {n(n* — 1)] " !isabout
109% greater at 20 K than at 300 K.'° The temperature
dependence of the AN term is more difficult to quantify
because of the complex temperature dependence of the
ambipolar diffusion coefficient. As mentioned previously,
this (changing) contribution will be noticeable only at
wX 1 values close to or greater than unity. The product
itself will change because the relaxation lifetime decreases
with temperature [see Eq. (2)]. Thus, the plasma effect, if
detectable at alf, will be seen in & crystalline material, at
low temperatures, and at our highest experimental modu-
lation frequency. So, to first order, we neglect it for f<100
kHz, without introducing a substantial error.'®

ith. EXPERIMENT
A. Silicon samples

For this study, three families of samples have been
used (see companion paper’ for a more detailed descrip-
tion):

(i} 2-in.-diam silicon n-type (100) wafers were im-
planted at room temperature with phosphorus (dose
® = 1x 10" to 1x 10" ions/cm’; energy E = 150 keV).
Some of these samples have been annealed at 1100 °C for
15 min.

(2) Z-in.-diam silicon p-type (100) wafers were im-
planted at room temperature with arsenic (@ = 2X 10" or
5% 10 ions/cm? E = 150 keV). Some of these sampies
were then thermally annealed {between 400 and 800 °C for
I k) in an inert nitrogen atmosphere.

(3) Amorphous silicon (a-8i) deposited on crystalline
silicon substrate, with approximate layer thickness L g
~ C.15 pm.

B. Experimental selup

The block diagram of the experimental apparatus has
been presented in the companion paper,” where the room-
temperature operation of the system was thoroughly de-
scribed. Briefly, the measured signal was the change in
reflectivity of the probe beam (633 nm line of the HeNe
laser}, brought about by the synchronous modulation of
the heating pump beam (488 nm line of the Ar ™ laser).
Both beams were focussed normally onto the silicon sur-
face to a spot size of about 30 pm. To perform a temper-
ature study, the semiconductor wafer was placed in the
experimental chamber of a helium-cooled expander mod-
ule (APD Cryogenics Model PS2). Optical access was
available through a vacuume-sealed guartz window. The
operating pressures within the chamber, obtained with a
GE mechanical pump (Model D2A), and measured with a
Thermovac Pirani gauge (TM 200), were 10~ °-107°
Torr. The experimental temperature range, as monitored
by & gold/iron: constantan thermocouple with 0.1 K ac-

2824 J. Appl. Phys., Vol. 67, No. §, 15 March 1960

curacy, was 20-300 X. As the chamber temperature was
fowered at a rate of 2.5 K min~ 1, the thermocouple volt-
age was periodically probed by the computer. Once the
voltage change corresponded to a temperature difference of
I K, several data points from the fast lock-in amplifier
(EG&G 5202) were recorded and averaged. Thus, the in-
phase and the quadrature components of the photodetec-
tor output, and the corresponding chamber temperature,
were stored in the computer at regular 1 K intervals. The
frequency studies were performed by changing the sinu-
soidal output of the signal generator (Dynascan 3025).
The output frequency was measured with a Fluke 1910A
frequency meter, to an accuracy of 0.01%.

V. RESULTS AND DISCUSSION

In this section we will present our experimental results
and will provide some gualitative and semiquantitive in-
terpretations. The photothermal reflectance signal [see
Egs. (1a) and (1b)} will be analyzed as a function of the
measurement temperature and the modulation frequency.
The complex character of implanted semiconductor layers,
which seem to behave both as an inhomogeneous material
{crystaliine matrix with isolated damaged regions-clusters,
defects, dislocation lines and loops, etc. )’ and, on the
other hand, as an amorphous material, has led us to com-
pare the implanted layers with crystalline ¢-Si and amor-
phous ¢-8i. In addition, these limiting cases facilitate in
understanding the mechanism({s) responsible for our ex-
perimental data, because of their opposite temperature de-
pendence of the thermal conductivity parameter.?! Thus,
the temperature~-dependent photothermal signal of the im-
planted {(annealed and nonannealed), amorphous, and
crystailine layers will be discussed in light of the theoret-
ical model presented in Sec. II. A qualitative discussion of
the ion-implantation-induced damage, and its effect on the
PTR-T signal, will also be given.

A. Preliminary resuits

Before attempting to interpret our PTR-T data, we
present some preliminary resuits that are characteristic of
our technique, and that address some experimental obser-
vations pointed out by other workers in the field. "5}
First, our PTR signal is simply the change in modulated
reflectance, AR, and not the normalized reflectance signal,
AR/Ry (R, is the do reflectivity). This is simply a matter
of convenience, as the dc reflectivity of silicon varies very
little with lattice temperature. Quantitatively, for normal
incidence,

Ro—R ) (”0"‘1)24—!((2) (5)
=R{ngkp) =7T—""—""T5"—""3,

0 R oK) = G T

where «; is related to the optical absorption coefficient
through o = 4wky/A. At room temperature and at the
HeNe  laser  wavelength (A =633 nm), ng
= 38 and x, = 1.51 X 1072 giving R, (300
K3} =23493%. At 77 K, the optical parameters are ng
= 3.83 and Ky = 5.04 X 1073 thus Ry(77K)
= 34.339,.1922 Fgr experimental verification, a one-beam
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FIG. 2. (a) PTR signal as a function of the incident light power. {b)
Temporal dependence of the photothermal signal.

reflectivity experiment was performed throughout the 20—
300 K temperature range, and the signal was essentially
constant. Clearly, the small changes in dc reflectivity are
not sufficient to account for the large PTR-T signal varia-
tions presented later, and the R, contribution was thus
ignored.

To ensure the linearity of the PTR signal with the
incident pump beam power, a p-type silicon wafer was
examined under different heating laser (Ar™*) outputs.
The magnitude of the resultant signal as function of inci-
dent light power at the sample (measured with a Coherent
210 power meter) is indeed linear, and the phase is essen-
tally intensity independent, as expected [Fig. 2(a)]. All
subsequent experiments were thus performed in this linear
power range, mostly at 25 mW.

The temporal decay of the modulated PTR signal has
been recently reported,''!’ and has been explained in
terms of electron-hole plasma/electronic surface states in-
teraction. We also observe a slight signal decrease for the
crystalline p-type silicon {at room temperature). By the
time a steady signal is reached (typically 5 min}, this de-
crease would amount to approximately 15% of the initial
signal, as demonstrated in Fig. 2(b). Also shown is the
signal of the phosphorus-implanted 8i (P = 10 ions/
cm?) where no time decay is observed. In fact, none of the
as-implanted, implanted and annealed, or the amorphous
samples showed any signs of temporal decay. To ensure
consistency and ease of comparison with the p-type crys-
talline wafer, the data for this sample were taken after 5
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FIG. 3. (a) Logarithmic plot of the photothermal reflectance signal as a
function of modulation frequency for p-type ¢-8i. (b) Same data on a
linear scale (to obtain the value of ;). Solid curve: 1/VF theoretical
fitting; points; experimental results.

min of continuous focusing, in order to account for any
temporal decrease of the signal.

B. Temperature and frequency dependence of the
PTR signal

We are now in a position to compare the theoretical
predictions of Sec. IT with experimental resuits. From Eq.
(3), the expected frequency dependence of the thermal
wave PTR signal is ARy « 1/ Vf. The log-log plot of the
experimental data for p-type ¢-Si, displayed in Fig. 3(a),
reveals that the power exponent is indeed ciose to — 0.5.
There is a slight departure from the straight line depen-
dence at high frequencies ( > 1 MHz), likely related to the
temporal response of the detection instrumentation. Nev-
ertheless, the 1/ Vf thermal-wave behavior is evident for
the range of frequencies where it is expected to be the
dominant effect. Figure 3(b) shows the same data on a
linear scale; a good agreement between the experimental
points and the theoretical fitting (solid curve) as 1/Vf can
be seen, implying consistency with the underlying theory in
the range below 2.5 MHz. For this fitting, the frequency-
independent constant, H, [Hy = g(nuv,w)h/ VigpCk}
has been taken equal to 3.6 107 * Thus, one may, in
principle, employ the PTR measurements as a function of
frequency {in the range where thermal effects dominate) at
different temperatures to evaluate some otherwise elusive
sample parameters, such as the temperature derivatives of
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FIG. 4. PTR signal vs temperature for samples iraplanted at two different
doses [low dose (LID): 210" As* /em? and high dose (HD}: 5% 10"
As™ /om?] and for nonimplanted (N-I) p-type reference sample.

the dielectric constant, v and w [note thai they were as-
sumed to be temperature independent in the theoretical
derivation leading to Eq. (3}; this presents a method to test
the assumption]. In fact, by performing the frequency mea-
surements under the same optical conditions (same diam-
eter of the light spot, same power, etc., so as tc keep h
constant) at different temperatures, it will be possible to
generate a set of H7{(T') values by a 1/ V¥ fitting, and then
extract information about the magnitudes of the various
parameters contained in Hy.

The PTR-T signal of the ¢-8i sampie presented in Fig.
3 may contain a plasma-wave component, as discussed pre-
viously. To circumvent this possible complication, heavily
damaged implanted silicon was also studied as a function
of frequency (¥ = 107 Ast/ cmz). The result again
closely followed the inverse square root dependence, with a
slight departure at high frequencies due to the same instru-
mental factors as in Fig. 3 above, but with a different value
of Hy. This behavior of the layer with a shorter v implies
that the 1/ VF dependence indeed arises from the thermal-
wave component of the PTR signal, in accordance with the
theory derived in Sec. IL

Figure 4 shows the variation of the PTR signal with
temperature for (wo different arsenic ion doses, (2 X and
5% 10" jons/cm?) as well as for one nonimplanted p-type
crystaliine wafer which was used as a reference. A higher
signal was observed for the high-doping-level sample at all
temperatures, which is consistent with the higher degree of
lattice damage caused by the implant.”?* Before we dis-
cuss the effects responsible for the signal increase with
temperature, it is worth noting that the difference in the
room-temperature amplitudes reveals a doping-level sensi-
tivity which is somewhat inferior to the sensitivity reported
by other authors®2® working in the plasma-wave regime.
This is so because the present measurements were per-
formed essentially in the thermal-wave regime with a rel-
atively unfocused laser beam (spot size~30 pm) and a
relatively low-modulation frequency (100 kHz). The
former condition means that the amplitude of the gener-
ated thermal wave is not optimum while the latter contrib-
utes to an increase in the thermal diffusion length and,
thus, an increase in the signal integration depth in the
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material, well beyond the thickness of the implanted layer.
Clearly, both of these factors contribute to our reduced
sensitivity. Owing to our working in the thermal-wave re-
gime, we are sensitive to thermal parameters that are pri-
marily functions of phonon excitations of the lattice; re-
cently, Opsal”’ has argued that it is advantagecus to work
in the plasma-wave regime (at modulation frequencies of
~ 10 MHz), thas detecting plasma-wave effects, since the
carriers are more sensitive to ion-implantation damage
than phonons. Thus, our sensitivity to the implant dose
could be improved by decreasing the spot sizes of the two
laser beams and by increasing the modulation freguency,
but the present experimental arrangement is optimal for
decoupling and monitoring the temperature dependence of
the thermal-wave PTR signal. An additional advantage of
this arrangement is the validation of the one-dimensional
{1D) theory of Sec. II for beam sizes larger than the dam-
aged layer thickness, and the effective thermal diffgsion
length.

To examine the signal contribution of the crystalline
substrate, consider the thermal diffusion length, p,,, which
is defined as

. | k(D)
i f,T) = Fl(T) (6)

where the slight T variation of the silicon density has been
suppressed {p==2.33 g/cm? for ¢-$i).” The pronounced
temperature dependence of p,, suggests a new way to
achieve depth profiling capabilities: in the case of the im-
planted wafers, the thermal properties of the bulk crystal-
line material may be playing a role, thereby diminishing
the contribution of the damaged layer and making the
corresponding PTR-T signals more similar to that of ¢-Si.
The influence of the crystalline substrate is likely to de-
crease with increasing temperature, as the thermal diffu-
siont length is largest at low T. We demonstrate the tem-
perature dependence of wy of ¢-5i in Fig. 5(a), in the
frequency range of 10-4000 kHz. Thus, with a typical im-
plant depth of about 0.4 pm, the substrate contribution
may become significant, especially at low temperatures.
This hypothesis is borne out by the fact that the three
curves of Fig. 4 seem to converge as the temperature is
decreased.

In order to explain the temperature behavior of the
PTR signal observed in Fig. 4, we examine the tempera-
ture behavior of the thermal-wave theory as summarized
by Eg. (3). Figure 5(b) depicts the temperature depen-
dence of the term !/ VkpC for crystalline silicon. Except at
low temperatures, there is good qualitative agreement be-
tween the experimental results of Fig. 4 and the thermo-
dynamic model predictions of Fig. 5(b). The discrepancy
at very low T may have to do with the fact that the plasma-
wave effects are beginning to contribute as the carrier life-
time increases with decreasing temperature.

To further test the validity of the proposed thermal-
wave model, we studied the PTR-T response of an amor-
phous silicon film deposited on a crystalline substrate. This
was done because the temperature dependence of the ¢-8i
thermal conductivity exhibits opposite trends to that of
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FIG. 5. (a) Thermal diffusion length, ., [from Eq. (6}], as a function of
modulation frequency, for four different temperatures {crystalline ¢-Si).
{b) thermal effusivity as a function of temperature (from Ref. 21).

¢-Si, whereas the specific heat behavior of the two is sim-
ilar. We approximated the thermal properties of a-Si by
those of fused SiQG,, which are more readily available and
are very similar, according to the literature.?! The refevant
thermal guantities of a-5i are shown in Figs. 6(a) and
6(b}. As the thickness of our filin was approximately 0.15
um, we increased the modulation freguency in order to
minimize the infiuence of the substrate. Figure 7 shows the
observed resulis obtained at three different modulation fre-
quencies. At f= 4 MHz, the limit of our sine-wave gen-
erator, the thermal diffusion length is much smaller than at
100 kHz, and the beam mainly samples the thermal prop-
erties of the amorphous silicon film, Therefore, the PTR
signal decreases slightly with 7, consistent with the trend
depicted in Fig. 6(b}. As the frequency is lowered, the
crystalline substrate contribution should increase. This is
reflected by the fact that at ali but the highest frequency,
the PTR signal tends to increase with 7, the same behavior
which was observed for the bulk ¢-Si. Once again, the
plasma contribution to the modulated refiectance may be
non-negligible in the MHz regime, and its temperature
dependence could explain some of our observations; but
qualitative agreement with the thermal wave model sug-
gests that, at least to first order, the plasma effects are not
playing a major role in our experiments.

In order to ensure that the thermal diffusion length
does not exceed a given layer thickness, one may have to
use prohibitively high-modulation frequencies. For exam-
ple, an ion-implanted and subsequently annealed layer of
0.5 pm (with approximately c-Si-like thermal properties)
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FIG. 6. (a} Thermal diffusion length, u,, [from Eq. (6)}], as a function of
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fused). (b) thermal effusivity as a function of temperature (from Ref.
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would require z frequency of 110 MHz at room tempera-
ture in order to fully exclude the contribution of the sub-
strate. Under such circumstances, the signal will likely be
toc smali to be detected (see Fig. 1); however, as the
e, (T for crystalline silicon indicates, we may choose to
raise the sample temperature and use more acceptable
lower frequencies to achieve the same thermal diffusion
length in the implanted film. This again hints at the depth
profiling capabilities of the PTR-T method. The applica-
bility to a layer of a given composition will be a strong
function of its temperature-dependent thermal properties.
This can be seen from the comparison of Figs. 5(a) and
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FIG. 7. PTR signal vs temperature for amorphous silicon sample at three
different modulation frequencies (100, 1204, and 4000 kHz).
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6{a}, which indicate that temperature depth profiling may
be possible for the former, but not for the latter.

To see whether pure thermal-wave behavior was ob-
tained for the crystalline p-type wafer analyzed in conjunc-
tion with Fig. 4, additional studies of this and a heavily
damaged sample at a lower-modulation frequency f=3
kHz were performed, thus limiting the relative importance
of the plasma wave contribution. The experimental results
are displayed in Fig. 8. The similarity of the temperature
dependence of each pair of curves at the same frequency
(trends and slopes) suggests that a given single mechanism
is varying with lattice temperature, which, at these modu-
lation frequencies and with widely varying carrier life-
times, appears to be the one corresponding to the thermal-
wave effect. Thus, it seems that at least to first order, no
serious discrepancy is introduced by not invoking the
plasma-wave effect described by Eg. (4).

We now present some resulis of PTR-T studies of sil-
icon damaged by ion implantation. The effect of different
annealing temperatures on the amplitude of the PTR sig-
nal of several highly doped samples (5 10" As* /em?) is
depicted in Fig. 9. In general, the process of annealing is
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FIG. 9. Variation of PTR signal as a function of temperature for nonan-
nealed and annealed samples (1 h) at annealing temperatures between
400 and 800°C (® = 5x 10" As* /em?). N-A: nonannealed; N-I: non-
implanted.
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FIG. 10. PTR signal as a function of temperature for different samples
implanted with phosphorus at different doses {nonannealed, and
annealed at 1100 °C for 15 min).

thought to decrease the degree of local disorder, and thus
cause a decrease in the locally induced temperature rise
because of the average improvement of the sample param-
eters. In addition, annealing will decrease the optical ab-
sorption coefficient, thereby decreasing the amount of light
energy absorbed at the surface. As Eq. (la) indicates, a
lower AT will reduce the magnitude of the thermal-wave
effect, which, as shown above, seems to be the dominant
mechanism of the PTR signal generation in our experi-
ments. For higher annealing temperatures, the signal ap-
proaches that of the nonimplanted silicon, indicating a
high degree of crystallinity restoration, as was observed
previously using electrical methods such as Hall-effect and
resistance measurements.”® The phenomenon of negative
annealing,”® attributed to the formation of complex arsenic
defects, is also observed in the annealing femperature
range of 400-500°C. The increasing signal intensity as a
function of the measurement temperature for a given wafer
can again be related tc the average degradation of the
thermal properties of the near-the-surface region (lower
thermal conductivity, higher specific heat, higher nonradi-
ative recombination rate, etc.}. Once again, we note that at
this modulation frequency (100 kHz) the free-carrier ef-
fect may be present in some of the well annealed samples
{and in the nonimplanted sample), but the similar trend
displayed by all the curves (except the anomalous range
data, 400 and 500 °C curves) suggests that the temperature
dependence can be explained in terms of the thermai-wave
effect alone.

Figure 10 shows the PTR-T as a function of phospho-
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rus dose, for as-implanted, and implanted and annealed
silicon wafers. Lattice temperature dependencies similar to
those observed and described in Fig. 9 are clearly seen. The
relationships between various room-temperature ampli-
tudes, which can be explained in terms of self-annealing
behavior and thermal annealing kinetics, have been treated
in detail in the companion paper.” Here, we simply note
the increasing signal intensity with measurement temper-
ature, in accordance with the foregoing theoretical consid-
erations.

Finally, we must address the optical interference ef-
fects which have been detected previously in high-dose
samples where the damaged surface layver and the under-
lying crystalline substrate form a clearly defined
interface.””? The interference fringes will be seen if the
thickness of the damaged layer varies on the order of half
the probe beam wavelength (for example, this thickness
variation may be achieved by implanting at different ener-
gies at a fixed dose). In our experiments, we need to de-
termine whether the thermal expansion effects could suffi-
ciently change the thickness of the damaged layer as the
temperature drops from 300 to 20 K. Using PP ¥~ 0.4 yum
and the Si data presented by Touloukian,?! we obtain
APPSO K 0,009 um. Such a small thickness variation
is not sufficient to give rise to an interference fringe, in
agreement with our PTR-T results.

V. CONCLUSIONS

In this paper, we have examined the temperature vari-
ation of the PTR thermal wave signal from various silicon
samples. The observed results have been semiquantita-
tively explained in terms of the T dependence of the
thermal-wave effect alone. The variation of the thermal
diffusion length with temperature, its effect on the PTR-T
signal, and some possible applications to 7T-depth profiling
have been discussed. Experimental results of PTR-T inves-
tigation of ion-implanted silicon have also been presented.

The main conclusions of our study can be summarized
as follows:

(1) There is a strong variation of the photothermal
signal with measurement temperature.

(2) The thermal-wave model has been extended to
include the dependence of sample parameters on temper-
ature, and has been proven successful in accounting for
observed trends in the experimental data. To first order,
given the focusing conditions and the range of modulation
frequencies, the temperature dependence of the plasma-
wave effect has not been seen to contribute significantly to
the signals, and thus has been ignored.

(3} Contributions of the subsurface material to the
PTR-T signal have been detected, and explained in terms
of the frequency and temperature dependence of u,. This
suggests some depth profiling applications as a function of
experimental temperature.

{4} The PTR-T technigue may become a usefu! tool in
elucidating the thermal and optical phenomena in ion-
implanted silicon; useful comparisons with results from
experiments involving carrier transport may be drawn vis-
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a' -vis the effects of implantation damage on carrier- and
phononlike properties in semiconductors.

In fact, the transport properties of crystalline semicon-
ductors are relatively well interpreted by the classical
transport theories. Amorphous semiconductors have also
been the object of several theoretical papers which are
fairly successful in explaining their transport mechanisms
in & gualitative way. On the other hand, it is difficelt to
interpret the tramsport properties of intermediary materi-
als, namely inhomogeneous materials, which are complex
hybrids of completely crystalline and amorphous materi-
als. Implanted and nonannealed, or insufficiently annealed
silicon layers are typical of these inhomogeneocus materials;
a characierization technique that provides useful informa-
tion sbout the underlying processes in these complex ma-
terials can be an invaluable tool in constructing and veri-
fying a quantitative model of their behavior.
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