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Abstract. Experimental photothermal modulated optical reflectance (PMOR) and
photocurrent (PC) data from silicon and germanium samples have been obtained at
high laser pump beam intensities and correlated with a theoretical model of
nonlinear carrier recombination. In principle, the PMOR signal consists of both
thermal and Drude (free-carrier) components; nonlinear recombination influences it
through its direct effect on the modulated carrier density, and its indirect effect on
the modulated sample temperature. All of the five samples discussed in this work
showed evidence of nonlinear carrier recombination in their PC and PMOR
behaviour. Although few of the PMOR data were indicative of a dominant Drude
component, the effect of nonlinear recombination upon the carrier density was quite
apparent in the PC data which were obtained to correlate with the PMOR data. The
experimental results clearly indicate that the PMOR effect is sensitive to nonlinear
recombination, albeit not to as large a degree as the transverse photocurrent.

1. Introduction Here, AN = N — Ny represents either the excess free-
electron density:, or the excess hole densify, and Ny
Photothermal modulated optical reflectance (PMOR) in is the equilibrium carrier densityD is the average carrier
a crystalline material is due to a combined mechanism diffusion coefficient for electrons and holes [4}; is the
involving thermal and Drude (free-carrier) modulation inverse of the linear carrier lifetime,. g, is the quadratic
effects [1-3]. Theoretically, expressions for the modulated carrier recombination coefficient, and is usually associated
sample temperatureA7T, and the modulated free-carrier with band-to-band radiative recombinatiogy is the Auger
density, AN, have been obtained in order to express the (cubic) carrier recombination coefficientS(x) f(¢) is the

PMOR signal as the modulated reflectanae? volume number density of carriers generated per unit time,
and f (1) = 1+ €' is the temporal modulation function of

AR = %AT + %AN (1) the excitation beam. It has further been estimated that the

or aN temperature gradients induced in the sample have little or

¢ ho influence on carrier transport [4]. If the carrier density

where dR/0T is the temperature reflectance coefficient |
is expressed as

and dR/dN is the Drude reflectance coefficienAN is
obtained by solving the carrier diffusion equation, and 00 _
AT is obtained by solving the heat diffusion equation. N(x.1) = No+ Y Ny(x)doo2r (3)
When the carrier and heat diffusion equations exhibit a m=1
significant degree of nonlinear character, primarily with when equation (3) is substituted into equation (2) it
large pump beam powers, the thermal and Drude effects. it . .
. . X . -~ "is found that each harmonic'“8’ is associated with
have been modelled in the one-dimensional limit using ; . . ; .
e ; . . . a separate nonlinear differential equation. The finite-
a finite-difference technique and assuming quadratic and

. . . . - difference approach to solving equation (2) reveals
cubic terms besides the conventional linear dependences in : 2 .

. o . hat when nonlinear recombination dominates over
the carrier recombination rate equation [4]

linear recombination, the fundamental-frequency modulated

oN 32N carrier density at the surface (experimentally accessible

—— =D—— —g1(N — No) — g2(N — Np)? - -

a1 a2 81 o)~ 82 0 by the transverse photocurrent signal [5]) has a sublinear
—g3(N — No)® + S(x)(1 + €*"). (2) dependence on the excitation intensity. On the contrary,
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the thermal component of the PMOR signal exhibits
a weak supralinear dependence on intensity, whereas
the phase lag is much more sensitive to nonlinear
recombination.  Theoretically, the PC signal contains Metal Contact
contributions proportional to the number of photocarriers

Modulated Laser Beam

) . — | I S—
integrated over the thickness of the sample from both the - Samol
d.c. carrier densityN;, equation (3), and from the first- Semiconductor Sample
harmonic componenyy:
N1 = N1(G 4a Lock-in
p A ; 1(0) (43) Analyzer
and . D.C. Voltage Supply
Y Na=) " No(i). (4b) {l ¢
i=1 H N
Reference Resistor

Here,n is the number of layers into which the thickndss
of the sample has been divided in the finite difference rig e 1. Schematic diagram of experimental apparatus
calculation [4]. used for measuring the transverse modulated photocurrent.

The effect of nonlinear carrier recombination on the
modulated sample temperatureT, in the photoreflectance
of equation (1) can be numerically modelled using the
finite-difference method with the nonlinear heat diffusion
equation [6]:

contact geometry and the visible-range wavelength of the
carrier photoexciting radiation tended to sample the carrier
density much more at the surface than in the bulk, because
the electric field was largest at the surface, and the optical

T °T  EyB ; i ;
g g s[gl(N — No) + g2(N — No)? a_bsorptlon coefficient for both Gg and Si wafers was very
ot dx ks o BB high at 514.5 nm. Therefore, it was assumed that the
tga(N — N0)3]+( v — Eg)Bsla exp(—ax) (1 + ) tran_sve_rse_ a.c. photocurrent measurements were providing
ks an indication of N»(1), rather thanX N,, wheren = 1
®) represents the surface layer of thicknéss= L/n.
where T is the sample temperatureis is the sample Modulated transverse PC data were obtained for

thermal diffusivity, Eq is the energy gapks is the sample  five different samples (table 1), using a beam-intensity
thermal conductivity,zv is the pump photon energy and modulation frequency of 1 kHz (unless otherwise noted),
o is the pump absorption coefficient. The first term and a spot-size diameter of 1 to 2 mm, so as to
on the right-hand side of equation (5) contains the free- remain within the one-dimensional (1D) signal regime,
carrier densityN, and represents the heat liberated when in agreement with the theoretical model [4]. Figure 2,
the photocarriers recombine non-radiatively. The second curve (a), depicts data obtained for the sample of crystalline
term, which is proportional tév — Eg, represents the heat germanium (c-Ge). For this material, at lower powers
released to the sample following intraband thermalization of the PC was a linear function of the pump intensity
the hot photocarriers after they are generated by absorption(/*%%), but the data became sublinear as the intensity
of the pump photons. was increased. The high-power intensity dependence
(1932 correlates well with the type of behaviour expected
when Auger recombination is dominant and diffusion
is negligible [4]. This good correlation is somewhat
surprising, since the optical absorption length in the c-
Ge was [7] about 0.16Zm, which is much less than the
Transverse, first-harmonic a.c. photocurrent versus intensitycarrier diffusion length; therefore, carrier diffusion must
data have been obtained from various industrial Ge andhave been important for the c-Ge. The model of [4] clearly
Si samples, all of which showed nonlinear effects at high indicates that for strong surface generation, one expects
enough laser pump-beam intensities. The PC signal is anN,(1) o« %% and =N, « 7%%. Since the observed PC
important diagnostic because directly probes the free- intensity dependence for the c-Ge was intermediate between
carrier density, albeit in a contacting manner, and is thus these two extremes~( 1%3?), it appears that a mixture of
indicative of whether or not nonlinear recombination should surface and bulk behaviour was present, and that the surface
be significant during PMOR experiments which employ contribution dominated the bulk effect.

similar or greater excitation levels. The experimental Figure 2, curve (b), shows transverse, first-harmonic
arrangement for transverse PC measurements, figure 1PC data obtained for the c-Sil sample. For low excitation
resulted in a transverse electric field which was not uniform levels the PC increased linearly wifh but transition to a
with depth into the sample. In fact, the electrical contacts sublinear power law I®%) occurred as the intensity was
were made on the front surface of the sample, rather thanraised. Due to the short optical absorption length in this
on the side edges, so the magnitude of the electric field sample [8] at 514.5 nm, diffusion effects were likely to be
was largest at the surface and decreased with depth. Thismportant. In terms of the theoretical model [4], figura@(

2. Experimental and discussion

2.1. Photocurrent behaviour
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Table 1. Description of various germanium and silicon samples.

Sample Description Resistivity (©2 cm)

c-Ge (111), Ga-doped, p-type 15

c-Sil (100), n-type 100

c-Si2 (100), bulk: c-Sil1 properties; surface 100 (surface)
layer; As-doped by ion implantation 100 (bulk)

c-Si3 (100), p-type 2.3

c-Si4 (100), n-type 65

Table 2. Summary of recombination behaviour for various

4.6 germanium and silicon samples obtained from photocurrent
500°°°° data.
o [+]
° Sample PC(/) behaviour Recombination mode
/ c-Ge 1094 _, j032 Linear — Auger (?)
S = 0.86 c-Sil 1098 _, 063 Linear — quadratic
334 (@ M c-Si2 1048 Linear (?) — Auger
w c-Si3 198 — saturation  Surface effect (?
g 00°° ° §=046 c-Si4 /096 . 046 Linear — Auge(r)
5 /
3 @© S =096
k=l 009
2 20- 0000°° S =032 low powers the PC increased d88, which does not
E‘ 00°° correlate with any of the theoretical predictions [4]. At
S @) the highest intensities, the power-law exponent showed a
8 °°°S°-063 tendency to decrease below 0.86. It appears that carrier
8 S =094 0o°° ° - recombination in the c-Si3 sample is not well described
~ ° by any of the terms in equation (2). This may have been
0.7+ / either due to a nonlinear surface recombination effect with
®) S =098 a complicated dependence upon the carrier density or the
M result of intracarrier system interactions owing to the large
, °° ° 5 =046 free-carrier densities of this low-resistivity sample.
© o _ Finally_, figurg 2, curve (e), QQpicts PQ(data for_t_he c-
0.6 : : Si4 material. This sample exhibited a clear transition from
“as 21 14 07 linear behaviour at low intensities, to a power lan4°)
LOG ( Pump Power/W) at higher excitation levels. Judging from the excellent
correlation of this data with [4], figure 4(a), it appears that
Figure 2. Modulated PC amplitude (arbitrary units) versus Auger recombination was dominant for the c-Si4 sample at
absorbed pump power (W). The excitation wavelength is the higher intensitiesalso, as expected, diffusion effects

514.5 nm and f =1 kHz. The various samples are: (a)

’ . ‘ . g . appear to be significant.
c-Ge; (b) c-Sil; (c) c-Si2, 10 kHz; (d) ¢c-Si3; and (e) c-Si4 . . L
(see table 1). The slopes of the linear sections are A summary of the PQ() behaviour depicted in figure 2

represented by the quantity S. is given in table 2, which also provides information
regarding plausible recombination mechanisms obtained
) ) ) ] from the PC() data. It should be pointed out that all of
the two-thirds power law is theoretically predicted f85(1) the samples described above were also characterized by
when quadratic recombination is present and when carrier measuring the a.c. PC as a function of the modulation
generation giving rise to strong diffusion effects is localized frequency; in all cases, the measurements were carried
near the front surface. out at an intensity where linear carrier recombination
Figure 2, curve (c), displays the intensity dependence of \ya5 expected to dominate. By analysing the frequency
the PC for the c-Si2 material. At the higher power levels gependence of the PC it was possible to extract the linear
the PC showed an®*® behaviour, which is theoretically  carrier lifetime, and in all cases the obtained value was near
predicted for Na(1) in [4], figure 4@), when Auger 10 ,s. This value of the carrier lifetime was subsequently
recombination is dominant, and diffusion is significant employed in all theoretical simulations [4].
(surface-localized carrier generation). Since the c-Si2
sample had a doped, low-resistivity surface layer, it is very
reasonable to assume thmaost of the PC was due to a thin
layer of material near the surface, and that bulk effects were
negligible Experimental PMOR data were obtained under conditions
Figure 2, curve (d), shows PC data obtained for the for which the thermal component dominated the Drude
c-Si3 sample when the excitation power was varied. At component, using a variation of the apparatus described

2.2. Photothermal modulated optical reflectance
behaviour
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Figure 3. Schematic diagram of PMOR instrumentation: AOM, acousto-optic modulator; BEX, beam expander; BS,
beamsplitter; 1A, iris aperture; M, mirror; L, lens.

by Opsalet al [3]. Each sample described in table 1 supralinear behaviour as the pump power was increased; in
was excited with a normally incident Gaussian beam particular, the signal made a transition frai® behaviour

of wavelength 514.5 nm (2.4 eV). Figure 3 shows the at low powers to/*® behaviour at higher powers. The
experimental set-up. The PMOR signal was measured PC(/) data discussed in the previous section suggested
as a function of absorbed pump power at two different that Auger recombination was dominant in the c-Ge at
modulation frequencies, 10 kHz and 1 MHz. At 10 kHz, elevated pump powers; thus, based on [4], figura),6(
the 1/e pump radius was 5.4m, and at 1 MHz two one would expect the c-Ge PMOR amplitude to increase as

different pump radii were employed, 5.7 and 23.:3. 198 at higher powers. The greater degree of supralinearity
The probe beam of wavelength 632.8 nm had an angle ofobserved for the c-Ge experimentally may be due to the
incidence about 28 and a Gaussian 1/e radius of G&n. temperature dependence of the thermophysical properties

Since the pump beam was rather tightly focused in order of the semiconductor. The d.c. temperature increase of
to improve the PMOR signal-to-noise ratio, the carrier the illuminated spot with increased average pump-beam
and heat diffusion in the various samples had considerablepower is expected to have caused the thermal conductivity
three-dimensional character. In order to ascertain theof the sample to decrease [9,10]. This would lead the

dimensionality of the thermal diffusion problem for a PMOR amplitude to increase above the value expected if
given pump beam diameter, one must consider [3] the the thermal conductivity were insensitive to temperature,

magnitude of the thermal diffusion length [1-3Lt, and as was assumed in the theory. With regard to the phase of

the optical absorption lengthl,, as compared withp. the PMOR signal, the phase lag decreased slightly as the
Specifically, thermal diffusion is 1D whehr, L, < ¢. power was increased.
Likewise [3], carrier diffusion is 1D in nature when the At 1 MHz, the c-Ge PMOR amplitude increased

carrier diffusion length [5]Lp, andL,, are much less than linearly with pump power but showed a certain degree
¢. Table 3 shows the various lengths discussed aboveof saturation at the highest powers (figure}j( From
for Si and Ge at 10 kHz and 1 MHz. Clearly, carrier figure 5p@), the PMOR phase lag displayed sizeable changes
diffusion was always 3D in nature in these experiments, as the pump power was increased. From the foregoing
while thermal diffusion had considerable 1D character, discussion it is expected that the essentially totally thermal
especially at 1 MHz. character of the PMOR signal should exhibit an increased
Figure 4 shows the experimental PMOR amplitude phase lag with increasing incident power, owing to the
(AR/R) for the c-Ge sample as a function of the absorbed effect of the temperature dependence of the thermal
pump power (1/e radius= 5.7 um, f = 10 kHz). Both properties of the sample: the higher the temperature, the
theoretical modelling and experimental measurements forlower the conductivity/diffusivity of the crystal, resulting
this sample indicate that the thermal component of the in an increasing thermal-wave phase lag, as shown in
PMOR signal was much larger than the Drude componentthe case of a heating pump beam with 1/e radius of
over all experimental conditions employed in the present 23.3 um. When the laser-beam size was decreased to
study; thus, the PMOR amplitude for this sample should 5.7 um, however, the intense optical flux seems to have
reflect the trends established f@y(0), the surface value introduced a dominant nonlinear behaviour resulting in
of the a.c. temperature component [4]. In qualitative the phase of the signalecreasingwith increased incident
agreement with the theory, the c-Ge showed weakly power, as predicted by the theoretical simulations of [4],
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Table 3. Characteristic length scales used to determine the dimensionality of the heat and carrier diffusion equations for
crystalline silicon and germanium.

Sample Ly (um)at Ly (um)at Lp (um) L, (um) ¢ (um)
10 kHz 1 MHz
Si 54 5.4 100 0.017 12-48
Ge 34 3.4 100 0.68 12-48
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Figure 4. Normalized experimental PMOR amplitude
(AR/R) versus absorbed pump power for c-Ge. The 1/e
pump radius is 5.7 um and f = 10 kHz. The slopes of the &
linear sections are represented by the quantity S. 55 5
OO
figure 60). Therefore, it follows that the phase variations oL
of figure 5p) were a combination of nonlinear effects such 50— °°°
as nonlinear carrier recombination, and the dependence of £ oo.0 o °°°
the thermal conductivity on temperature. Since these large S) a o,,gGoz%rcm
phase changes were accompanied by very slight saturatior 39 © o0 o000 Ebn
of the amplitude datait appears that the phase is more g 45- Og
sensitive to nonlinear effects than is the amplitude. g ]
The c-Sil material displayed stronger nonlinear PMOR ¢ o
X ) o o
behaviour than the c-Ge sample. Figure 6, curve (a), S a
shows the PMOR amplitude versus the pump power at ® 40 o
10 kHz. The amplitude progressed from Erf” to an 7248 o
dependence as the pump power was increased. Taking intc .
account the clear indications of quadratic recombination in o
the PC() data discussed earlier, the high degree of PMOR 35 ! ! !
. . . . -2.30 -1.85 -1.40 -0.95 -0.50
supralinearity is not consistent with theory [4], and may
LOG (Pump Power/W)

be an indication of nonlinear surface effects. The phase
lag, figure 6, curve (b), decreased progressively by about
30 difusion s at leact party recponsible fo i stonger (A/R) (a)and PNOR phaso [ag (o) versus apsorbe

) s - s ump power for c-Ge. The 1/e pump radius is ((J) 5.7 or
than expected supralinear behaviour in the tight laser-beam(o) 23.3 xm and f = 1 MHz. The slopes of the linear
spot-size geometry under which the PMOR data from the sections in (a) are represented by the quantity S.
c-Sil material were obtained. The ¢-Sil PMOR amplitude
at 1 MHz showed a weaker nonlinearity than was observed
at 10 kHz  1*%%). Nevertheless, the 1 MHz phase lag shown in section 3.
changes were much larger than at 10 kHz (figure 7), with a At 10 kHz, the laser beam power dependence of the
greater tendency to decreaskhis indicates that the c-Sil  c¢-Si2 material behaved like the c-Ge sample. With regard
PMOR signal had a large Drude component at 1 Midg, to the PMOR amplitude (figure 8, curve (a)), a transition

Figure 5. Normalized experimental PMOR amplitude
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Figure 8. Normalized experimental PMOR amplitude
(AR/R), curve (a) and PMOR phase lag, curve (b), versus
absorbed pump power for c-Si2. The 1/e pump radius is
5.7 um and f = 10 kHz. The slopes of the linear sections in
curve (a) are represented by the quantity S.

Figure 6. Normalized experimental PMOR amplitude
(AR/R) curve (a), and PMOR phase lag, curve (b), versus
absorbed pump power for c-Sil. The 1/e pump radius is
5.7 um and f = 10 kHz. The slopes of the linear sections in
curve (a) are represented by the quantity S.

due to nonlinear surface recombination effects. This
hypothesis is not surprising, considering that the BC(
data of figure 2, curve (d), were also somewhat anomalous.
° This sample displayed quite a different PMOR behaviour
~ 140 S at 1 MHz. With regard to the amplitude (figurea9)
g o 00O0agg, °° with a laser beam radius of 23,3m, a transition from

o linear to strong sublinear behaviour with increasing power
o was observed, accompanied by a considerable decrease
1259 ° of the phase lag (figure B)Y). Finally, the c-Si4 sample
8 behaved very much like the c¢c-Si3 material at 10 kHz,
o which points to a significant nonlinear surface effect. The
o data obtained at 1 MHz for the c-Si4 sample showed
o the same hybrid Drude/thermal effects seen for the c-Si3,
a and will be examined below. The fact that the c-Si3
and c-Si4 samples showed such similar PMOR behaviour,
although they displayed quite different A¢trends, is in
all likelihood the result of the enhanced sensitivity of the
PMOR signal to the state of the semiconductor surface,
compared to the PC signal.

155
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-0.40

Figure 7. Normalized experimental PMOR phase lag
versus absorbed pump power for ¢-Sil. The 1/e pump

radius is 23.3 um and f = 10 kHz (O) or 1 MHz (O0). 3. Discussion: hybrid Drude and thermal

behaviour

from 71192 to 7111 behaviour was observed as the power According to equation (1), the modulated reflectance is, in
was increased. This result is consistent with the evidencegeneral, the superposition of two separate components, one
of Auger recombination provided by the Pg(data of proportional to the modulated carrier density (Drude effect)
figure 2, curve (c). On the other hand, the increase in and the other proportional to the modulated temperature.
the phase lag with increasing power (figure 8, curve (b)) is When these two components are of a comparable size,
indicative of a substantial contribution by the temperature and nonlinear carrier recombination is present, the intensity
dependence of the thermal conductivity, and not only of dependence of the PMOR signal may be quite irregular. In
nonlinear carrier recombination. At 1 MHz, the c-Si2 order to better understand some of the experimental PMOR
PMOR amplitude was basically a linear function of the data presented earlier, a simulation was carried out for c-Si
pump power, but there was some degree of saturation at theassuming that the PMOR signal has hybrid Drude/thermal
higher powers. The phase lag showed only small variations character. Equation (1) was utilized, taking into account
as the pump power was varied. the vectorial nature oAT and AN, to obtainAR.
The c¢-Si3 sample, at 10 kHz, exhibited an extreme The value ofdR/dT for silicon at 632.8 nm has been

supralinear behaviour at low powers (%2%), presumably measured by Jellison and Burke [11], and is approximately
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Figure 9. Normalized experimental PMOR amplitude

(AR/R) (a) and PMOR phase lag (b) versus absorbed . . . . .
pump power for ¢-Si3. The 1/e pump radius is 23.3 xm Figure 10. Theoretical simulation of AR amplitude (a) and
and f =1 MHz. The slopes of the linear sections in (a) are phase lag (b) versus absorbed optical flux (W m~?) for
represented by the quantity S. hybrid Drude/thermal PMOR signal. The sample is c-Si,
both linear and Auger recombination are present, and the

simulation parameters are given in the text (f = 10 kHz).
The values of the Drude reflectance coefficient are:
5 -1
42 x 102 K. AISO, from Drude theory [12] and (1) —2.5 x 10—29; (2) —4.0 x 10—29; (3) —=6.0 x 10—29;

from the analysis of experimental PMOR data, the value (4) —8.0 x 10-2 m?.
of dR/aN for silicon at 632.8 nm is expected to be
in the range—2.5 x 1072° to —8 x 1072° m®. Using

simulation parameters which are typical for silicon [11] 10().
(D=3x103m?s!, g1 =10s!, g3 =4x10 ¥ mb st For the PMOR amplitude curves of figure &

s1=s2=0,a=1Fm? Eg=11eV,hv =24¢V, considering the case whe®R/dN = —8 x 1072 m®,

Bs = 92 x 10° m? st andks = 148 W nTt K1), at the lowest intensitiesAR is a linear function ofI,

the amplitude and phase lag ofR were calculated as a and AR is dominated by the Drude component AN).
function of intensity, assuming the presence of linear and As the intensity rises, Auger recombination begins to
Auger recombination and solving equations (2) and (5) with overtake linear recombination, antlR shows a sublinear
the finite-difference technique [4]. Four different curves dependence orf. Eventually, the linearly increasing
were obtained, witlh R/d N ranging from—2.5 x 10-2° to thermal component ok R dominates the Drude component,
—8 x 1072 m®; the results are shown in figures ad@nd and AR increases in an approximately linear fashion again.
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The simulated phase data depicted in figureb)lGflso found even at the highest fluence levels, corresponding to
clearly show the transition in the nature of the PMOR signal laser beam radius of 542m.

with increasing pump power, when nonlinear recombination Among the experimental PMOR data, two of the
is present. With9R/dN = —8 x 1072° m3, at the lowest  four silicon samples (c-Si3 and c-Si4) displayed very
intensities the phase lag has a constant value nedr, 180 anomalous amplitude AR/R(/), behaviour, and these
which indicates that the Drude signal component is larger results were assumed to be due to a nonlinear surface
than the thermal component. As the intensity is raised recombination velocity. Also, for these same samples the
the sublinear Drude component begins to be overtakendependence of the phase lag on the excitation intensity was
by the linear thermal component, and this is indicated by e€xplained by noting that the PMOR signal is composed
the decreasing phase lag in figure H)O( At the highest of two competing effects, namely the Drude and thermal
intensities, the phase saturates at a value which indicatescomponents. When these two effects are of a similar
that the Drude signal component is much smaller than the Magnitude, the PMOR amplitude and phase lag can show
thermal componentOverall, if the phase lag changes by a quite an irregular dependence on intensity. ~ For two
large amount ¢ 20°) as the intensity rises, artR /dN < 0 of the samples with a dpmmant therm_al-wave S|g_nal
anddR/dT > 0, it ought to be concluded that the PMOR component (c-Ge and c-Si2), the supralinear behaviour

signal has a dual Drude/thermal nature, and that nonlinear Was basically consistent with the 1D simulations [4] for
carrier recombination is important. the modulated surface temperature. The slight departure

Based on the foregoing simulations, some of the from the model could be explained by invoking nonlinear
experimental PMOR data presented in the previous SeCtionthermal effects related to.the temperature deperjdence of the
may be revisited for further qualitative interpretation. In S@mple thermal conductivity. The c¢-S1 material behaved
the case of the c-Sil phase data of figure 7 which could somewhat anomalously at 10 kHz, and nonlinear surface
not be explained if only a thermal PMOR component was recomplnatloq was invoked to explain |ts' expenmenta]
assumed to exist, the large phase changes are similar t ehaviour; this sample also showed considerable hybrid
those simulated in figure 18). Figure 7 clearly points to rUdO?//grlglrlm?rlmigegti\goucr;oar;[;ugﬂe%z.that when the PMOR
the existence of a hybrid Drude/thermal signal, and some ' y

e of nonlinear recombination effect. Nevertheless, the signal has hybrid Drude/thermal character, nonlinear
typ Y . : o recombination may be clearly identified by large variations
gualitative nature of the comparison of the data with the

o in the phase lag as the pump intensity is increased. The
thgqry does not.allow the .cgmplete clarification of the slope of the PMOR amplitude is also sensitive to nonlinear
origin of the non_lme_ar effect; i.e. whether _the large phase recombination, but not to the degree evidenced by the
shifts opserved In flgure_ 7 §hou|_d be attr_lbu_ted solely to phase. Additional valuable information can be garnered
the nonlineabulk recombination simulated in figure H)(

. ; for semiconductor samples (especially those with direct
or whet_her.a substantial component of nonlinearface bandgaps) through the simultaneous monitoring of the
recombination should be added,

g ] ] radiative emission channel.
The c¢-Si3 material also showed evidence of dual
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