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Abstract. We have modelled the scattering of heat pulses from rough surfaces, as observed
in reflection experiments. The effect of long-range irregularities was calculated in the eikonal
approximation. For diffusive scattering from short-range irregularity, an analytic expression was
obtained which is valid in the most common experimental arrangements. The model was used
to interpret data obtained in heat pulse experiments on buried interfaces in silicon.

1. Introduction

Investigating the scattering of heat pulses on a nanosecond time-scale is a valuable
means of studying crystal surfaces and characterizing interface quality of semiconductor
microstructures [1]. Many experiments have been carried out, particularly on single crystals
of sapphire and silicon, but the interpretations have been almost totally qualitative [2—
6]. Both reflection and transmission geometries have been used; in the present paper
we limit discussion to reflection only. The technique is very sensitive because the
high-frequency phonons typically have wavelengths comparable to the scale of surface
irregularity. However, the general theory of such scattering over the full frequency range
of phonons comprising a typical heat pulse is extremely complex. Nakayama [7, 8] worked
out the scattering cross-section in the limit where the phonon wavelength is much greater
than the surface roughness scale. He showed that the process is essentially one of Rayleigh-
type scattering following am*-dependence. In the present work we describe calculations
carried out for phonons for which the above condition is not satisfied. We model the
scattering for phonons with wavelengths comparable to the scale of surface irregularity as
an extension of diffusive scattering theory, obtaining an analytic expression which is valid
in the most common situations. For phonons with wavelengths shorter than the roughness
scale an eikonal approximation is used, in which specular reflection from local mirror spots
is shown to be important. Finally we compare our calculations with previously published
results of experiments carried out on implanted silicon wafers, in which the scale of surface
irregularity could be changed by annealing the sample [9]. A preliminary account of this
work was published earlier [10]. We give considerable detail of the individual steps in the
theory since we believe that the approach and the results shown have wide applicability.

2. Formulation of the incident flux problem

The rough surface to be considered is shown schematically in figures 1 and 2. The plane
of the surface isc—y and the height in the-direction from the mean plane is described
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Figure 1. A section of the irregular surface. (€ L.). n’ is the local normal vectorkj and
qv show incident and scattered (reflected) phonons.
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Figure 2. Reflections from ideal (upper figure) and smooth irregular (lower figure) surfaces.
gives the deviation of the local normal vectot with respect toiz.

by z = h(x, y). Throughout, the incident phonon is described by the suffices and

the scattered phonon hy, v. We assumé&ri(x, y)) = 0, where the brackets stand for the
result of statistical averaging over all surface irregularities. We characterize the surface via
macroscopic and microscopic scalesandl. respectively assuming <« L.. We consider
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the case where the typical phonon wavelength falls in betviieand L., i.e.l. < 1 <« L..
Thus, if L. — oo andX > I. we arrive at the model used in [7, 8], while in the limit
I. — 0 but keepingL. finite we come to another extreme case of eikonal approximation.

We start from the eikonal approximation and incorporate the effects due tolfitater.
Let the source of nonequilibrium phonons be

ngj (@, 1) = n) 76 8(x — ) 8(1). (1)

Here ngj is a Planck distribution with generator temperatdig, = is the generator
coordinate and is the phonon pulse duration.

For simplicity we assume the crystal to be elastically isotropic and disregard phonon
scattering in the bulk. Let the generator and the detector lie inytheplane:

0 0
GCG=<—)’0) $D=(YO )
—20 —20

The energy flux associated with the incident ballistic phonons is
S@.0) =Y Sj@.1) =Y nf(To)hwyjc; 8(R — ¢;t)
kj kj

i~ T R kBTG 4 1
A B e

J

whereR = x — z¢, c; is the velocity for the(k, j)-mode, andiw (k, j) is its energy. The
last step in (2) is the result of straightforward summation over wave vektotset ' be
the scattering point at the surface and, (¢) be the coefficient of reflection from mode
to modev for a given value of incidence angle. Then, according to reflection laws we
may write for the flux incident a&’ at the angle®

n’ R-n & n2[(kgTe\* Fiy (D)
(SU(CL‘/, t)'ﬂ,) == R'n' 47TR’230< 7 ) Z]TS(R/—QI). (3)
J J

3. Scattered flux: general considerations

The kinetic equation for ballistic phonoKigv) moving away from the surface after reflection
is

INg, N,
dt r
Rewriting (4) in integral form we can relate the phonon distribution in the bulk at the

arbitrary pointz and instant of time to the phonon flux at the surface in the preceding
instants of time:

Ngv(z, 1) = —/ dt’ / dz’ §[x — ' — c,(t — )] 8[z — h(x', y)]

=0. (4)

x 3 rkj — qund; (T, 1o, B SR~ ity (5)

— J =7 AV 6 it )

In (5) we introduced the new entitykj — qv) to describe transformation of the incident
phononk; into modeqv as a result of either reflection or scattering from the surface. At
this stage we incorporate the effect of diffuse scatteripg«( ») and definew(kj — qv)

according to(n - Sg,) = —w(kj — qv)(n-Sk;). Thusw(kj — qv) stands for the
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probability of elastic conversion at the surface from kfye into thegv-mode, andS,, and
Sy; are corresponding phonon fluxes. Now the expression for the outward-going phonon
flux becomes

Skj n
ha)kj

(n(@) - c))Ngw(@, 1) = =[rj-0 (N A —w(k, ) + wkj — qv)] (6)

If we define
r(kj — qv) =rj5,(N[1 —wk, H] +w(kj — qv)
where
w(k, j) =Y wlkj— q'v)
q'Vv

is the total probability for a phonon of thiej-mode to be diffusively scattered into all
possible phonon modes, then we again arrive at (5) with the effects of diffuse scattering by
short-scale irregularities properly accounted for. Note that

Zr(kj —-qgv)=1
q/v/

as it should for a surface—vacuu_m interface.
We introducel*7¢¢(¢t) and I/// (t) in order to describe the different components of the
total flux:

P (t) = —Ez<c3(q . ig)/ dt’ / dz’ §[xp —x' —c,(t — )] 8[z' — h(x’, )]

qjv

xng,(Te)c (& =20 m) 6(:1c’ —ZG —¢j L t’)
|’ — x| lg — agn/|
1)L = i~ o)) ™
t
1997ty = =k Z <w(kj — qv)ci(q- ig)/ dr’ / dz’ §[xzp — ' —c,(t — 1]
kj.qv -
R/ . n/
x8[z' — h(x’, yH] n,?j(Tg)ch S(R — cjt’)>. (8)

We discuss first the specular part of the reflected signal. For a §ixettode only those

kj which are related t@v by local reflection laws at each point contribute to the flux
(n-¢,)Ngy(x, ). We thus demand: (1) that all three vectérsy, n lie in the same plane;

(2) tangential components of wave vectors for incident and reflected waves are equal if
evaluated with respect to local mirror plane; and (3) no frequency change occurs. The
conditions (1)—(3) mean thdt = g — agn with

gn 1 qn 2 e \?
a = 5~ = +|(—) -1
qn n qn cj

andqg-n < 0.
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4. The eikonal approximation: the specular signal

The statistical averaging over the microscopic irregularities with the $cédeassumed to
have been already performed. Thusik; — qv) coincides with corresponding formulas
from [7, 8]. Now we average the result over the macroscopic irregularities. We perform a
statistical averaging of (7) while keeping only the zeroth-order approximationféi(z),

that is, in the limitL. — oo. Integration of (7) over d’ with a Taylor series expansion of
the §-function argument yields

I7e(1) = =h / dm Y O(=g)evng, (T6)qri—[1 — w(wg,)]

qjv

Z0 + 2y0myCIz/q m
r+ (1/Cv)(‘Z/qz)Z0

Zg— 1
) [Zyoiz + gZo _ G- atmgm (t + qu>:| (6(m —n)) 9
q: Cy q Cy gz

where in order to perform the statistical averaging we introduced the identity

/dm(S(m—n)zl.

We also neglected small terms of the order of nmiax<« zo, thus disregarding pulse
broadening due to small extra pathsnax |k| with respect to the much stronger effect

of varying local normals and change in the incidence angles. Finally we took the total
probability for diffuse scattering at an arbitrary element of the surface as being dependent on
phonon energy only, ignoring any possible angular dependence. If wedgt= (h(r)h(0))

be the pair correlation function for smooth surface irregularities, then

m. —1) m2 + m?
((m—mn)) = @) /dQ expiQ - m]{exp[iQ - n]) = rrx(O)eXp|:_2X(0)yj|
where
1%
X(O) B _é 8ri2 r=0 .

The evaluation ofexp[i@Q - n]) and subsequent integration oveRds straightforward.
Substitution of this result into (9) with slight rearrangement ofatfanction term yields

I°rec(t) = — h /dm d(m, — D exp|— f * m§
(27r)4 20 x(0) 2x(0)

1
x Y O(- quznmxnﬂnﬁun w(@gn)] ———
& ()|

2y0myq./q - .
Lot yom;qz/q m5<mx q )5 [Zyo— 2 a(m)q (my_qyﬂ
p 4. —a(m)q

r+ (1/Cv)(CI/qZ)ZO z a(m)q q:
1 v
W7 PR SO T . (10)
¢ q: 5 q: —a(m)q

This is a general result. It does not depend on particular assumptions about surface roughness
other than mayi| < zo. It is obvious that the order of magnitude pt0) is (h%)/L2. In
what follows we assume that(0) « 1. Therefore we put

- ()
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in all pre-exponential factors excluding the argumentg-&iinctions, where we use Taylor
series expansions and keep linear terms:jnandm,. Now (10) reduces to

Eo1 1 m? +m
r're“t)=—————— [ dmdsm, —1ex ® n. (T
) == G2 20 (m.—1) p[ 50 }; (- q»q 2 2, (T6)
20 qx
Xrjy[1 — w(wg) 8<m — )
=l @ ]| ol 1+ (L/e)(q/g)z0 " ¢z
[07
><5<2yo + mi— — 2y0fy’m y)
q: — Qoq q;
1 v vj
x8(t+qzo—zoczq+tojmy>. (112)
Cy 4q; Ci q; — doq
Hereag = a(m = 23) corresponds to the ideal surface, whilst
v_ o e 4P _ oyl 4%
0 (g0 — a0g®)? 40 o 2 (¢% — a0q®)?

with ¢9, ¢? and¢® corresponding to the wave vectors for contrlbutlng phonons.

Despite its complexity (11) has simple meaning. Thé&nctions in (11) give the
selection of all possible paths witfrto-v mode conversion at the surface (the first and
second$-functions) and determine the time taken to travel from generator to detector along
the chosen trajectory (the thirgifunction). The second-function sets the angles for
incident and reflected phonons and after simple algebra may be written in the form

1 1

=59, — 00+ £ (9%)m,)
20 |AY (99))| ° ’

where Agj(ﬁﬁ’) and gg’j(ﬁf) are dimensionless numerical factors of the order of 1 which
are functions of the anglég’, the reflection angle from the ideal surface (figure 2). The
argument of the third-function can be rewritten in the form
20 20 vj 20 <0 vj
t— — +1ty'm or t— - + 1 my
cjcos®; c,cosy, ° 7 cjcos¥? ¢, cosp? 0

where

v o SINYY 0. 20 sin®? 0
oo =l Tl co§19j°(ﬁ’ R 0032193(19 ).

The identification of the second term as the tirﬁetaken by the phonon of thkj-mode

to travel from the generator to the part of the surface where it is reflected gpvthngode

is straightforward. The third term is the timg taken by theqv-phonon to travel from

the point of its creation to the detector, while the last term accounts for the local normal

variations. With these remarks formula (11) can be easily integrated. We give only the

final result. In order to discuss the difference between the specular signals reflected from
the ideal and smooth irregular surface we give both results:

Ligear(t) =Y Ay 8(t — 7)) (12)

vj

where:?, =10 + 1P and A,; give the total detected intensity for thg-pulse. Then

Jspec _ 1 t_tl?j 2 1 13
0 =2 ok J—z x© i =P _( 7 >2x(0) (13)
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@ = (/000 do 0®*n°(w)[1 — w(w, j)])/(/ooo do 0)3"0(60)>

is the numerical factor accounting for the reduction in specular component due to diffuse
scattering from short-scale irregularities. Inspection of (13) shows that the phonon pulse
half-width is given by

Ty =220ty ~ Y (14)

Thus it scales both Wltbgj which is equal to the time of flight of-to-v mode conversion as

a result of reflection at the surface, and also with the pair correlation function of the surface
roughness. It is also seen to be independent of the wavelength. This is not surprising,
since we kept only zeroth-order approximation termsiok. < 1 and in this limit pulse
broadening is a purely geometrical effect, determined by reflection from a distribution of
local mirrors.

where

5. Diffuse scattering

Now we discuss the diffuse component of the signal. Keeping only zeroth-order terms in
long-range surface roughness in (8) and integrating owerdd’ we arrive at

1 g : ki
Mﬂm=—f§:®@me%mww»mmmﬁdﬂmw@fw%)
0 kjiqv <

xo(ay = 2 )o(re 2L ), )

k, 20 g, cik

Integrating over ¢ in (15) with the use of elastic nature of scattering from surface roughness
and using the set of variablés p anda rather than spherical coordinates when performing
integration over & (p is the vector in thex—y-plane, so thak = —x¢ + p, ande is the
angle betweerp and they axis) we arrive at

ok Z/ dk k2hon}(Tc)

X/‘dp/ da@<k—wc+p,j_,@kﬂwf>v)
0 0 | =z + p| ¢ |lxzp —pl

X
[(z3+ p? + ¥8)? — 4p?y¢ coZ a]3/2

Idiff(t) — ZO

1
X(S(t — C—\/Zg+,02+y§+2,0y0005a
j

1
—C—\/Zg + p2+ ¥3 — 2pyo COSa). (16)

Here we introduced the new functiaih which is given by straightforward integration over
dq. This expression for the diffusive signal may be easily analysed for a number of different
cases.

First we discuss the signal shape at distant times exceeding the time of flight for the
specular signalc;t > 2yo. Taking p — oo in (16), we obtain

. hmkzOllll 1\*
aor 2 o (35 )55+ 2) - o

197 (0) =
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The expression (17) contains the probability for pure back-scattering of incident phonons
with the conversion into different modes. Phonons in the tail of the diffusive signal arriving
at the detector are scattered from spots on the surface separated from the origin by much
more than the distance from the generator to the detector and, hence, returned along the same
path. We keep the dependence of the back-scattering probability on the incident phonon
wave vector and assume that it depends only upon the cosine of the incidence angle. Using
Nakayama's approach [7, 8] we may calculélj%’"" for different pairs of modes.

This reproduces the shape of signal obtained by Nakayama fgr — co. However,
for yg # 0 andr > tJQV the shape of the signal will be very different. To illustrate this,
we consider only the case where incident and scattered phonons possess the same velocity:
¢j = ¢, = ¢, i.e both are transverse. Now the general formula (16) can be significantly
simplified. The argument of th&function in (16) then equals zero when

ct 22 — A(Z2 + y?)
pr=t | R o (18)
2\ c?t? — 4yscof o
Integration over d is thus easily performed to give
: 1 [% 1 1
1997 (1) oc - d : 19
g=e,=c () tJo 1z Ayicof a/c?t? (p2 +z5 + y5)2 — 4p2 ys coF o (19)
Substituting (18) into (19) and integrating over @e obtain finally
. 14+ 10227 — 12
1 (1) o 287 10(" ~ 19) 20)

+5 2 1.2y"
1914 — 20215 (12 — 515)

2,/(y2+z23)

C
is the time of flight and; is the geometrical factor
Yo

R

To derive (20) we assumed that the rate of scattering from the surface is the same to all
final states regardless of the direction of propagation. The use of Nakayama’s differential
cross-sections obviously changes this result [7, 8].

It is evident from (20) that the second factor which accounts for the finite spatial
separation between the generator and detector significantly modifies the shape of the signal
near the maximum, making the signal fall after the maximum much faster than for the
geometry of back-scattering.

It is useful at this point to discuss the power dependences for diffuse and specular signals.
If we neglect diffuse scattering, then the specular component scales with power dissipated
in the generato®. At low generator temperatures, thu$,..(r) « Té. Diffuse scattering
causes the dependence Tinto be slower (due to the factgr; in (13)). The diffuse signal
(16) is obviously characterized by a faster rise withor 7. In the simplest case of low
power levels (low temperatures) this immediately gives (or 7§), arising from 72 due
to lattice energy, and an additiondf to the scattering probabilityp « »* oc T4. This
assumption is valid in the Iimﬁ,,h > [.. As was mentioned above, the differential scattering
cross-section; ., is related tas (J — J') calculated by Nakayama, and therefore for each
pair of modes we may take corresponding formulas from [7, 8]. We now discuss how the
results are modified if we assume the irregular surface to be Gaussian with a finite correlation

Here

fo =
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lengthl.. Calculation of the factot|Ap (k' + ¢')|?) [7, 8], defining the strength of coupling
between incident and scattered modes vyields

’ N272
(k +q)lc] 21)

4

Here Ap(r) is a random part of the crystal density at the irregular surface, kdrethd

q' are 2D wave vectors—projections of 3D wave vectors for incident and scattered waves

on the surface plane. All the results in [7, 8] were obtained for the case of white-noise

irregularities, i.e.(r) = constantx §(r). For this casg|Ap(k’ + q')|?) = constant. A

finite length of correlation, thus, adds an exponential factor and modifies the pre-exponential

constant, expressing it in terms of the correlation length and mean squared height of the

surface irregularities. Therefore, we may keep Nakayama's differential cross-sections in

the further analysis, simply multiplying them by the exponential factor in (21). Clearly, for

long phonon wavelength§|k:’ + q'|l. <« 1, so the exponential factor is not significant, and

this is exactly the limit of applicability for Nakayama'’s theory. If, howevk,;,, becomes

comparable td., then the exponential factor in (21) plays the role of an effective cut-off,

separating the spectral ranges of long and short wavelengths for phonons of the heat pulse.
We now go back to the expression (16), add the exponential factor, and again integrate

over do for the most important experimental cage= ¢, = ¢. Again with p, from (18)

we obtain

(A0 (K + q)I?) = mpdl?(h?) exp[—

, vV 1 [® _ 2 Wk, pi, o)
1997 (1) = 2§ 7/ dk k?hen; (T, d R
=2 2r)3t Jo @i (16) 0 “ 2+2-(1— (4y2/c??) cof a)
20,2 2 2 2_ 2
« exp|:—,6(1— Zo(p+ + ¥ +Z0) 4 Yo p+)] (22)
43— A/ Z+Z—

wherezy = p? +z5+y§+2p4 yo cos and B = w??/4c?. First we note that in the geometry
of back-scatteringyp = 0) the expression in square brackets in the exponent goes to zero.
For yo # 0 it is always positive and varies slightly witl, the corresponding parameter

being
1 2 0\ 2
- 2y° 20052a<0>.
2y5+z§ t
We may analyse the temporal and temperature behaviour of the diffuse signal
approximately by taking correction terms with eogqual to zero. Then

1997 (1) r /00 dzzi7 exp(—y?z?) (23)
5 Jo expz —1 ’
where
J/:ka;_TG Yo IQ:E@.
c h \/m t T*t
Here

- ch 2y (% +28)
N kBlc Yo .
For y < 1 we havel//(t,Tg) o« T8t=5. Fory > 1 we havel?//(t,Tg) —

T8t7%y =" o« TE12. If y(to) < 1, theny(t) < 1 fort > to and 14//(t) follows a /¢°-
law. However, ify (o) > 1, then the signal first starts to rise, and then saturates at around
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Diffusively Scattered Flux

T>T*
\ T__-.T*
T<T*
b

Phonon Arrival Time

Figure 3. The behaviour of the diffusively scattered flu¥’// as a function of the arrival time
for various values of the generator temperatdig,

tn = 10T/ T*, reverses and asymptotically approachgs.1Schematically this is illustrated

in figure 3. As follows from the results of this analysis,7§ > T* the signal peak shifts

from the time-of-flight position and broadens. Note thaff < T* the peak half-width (or

the related quantitysos—the time taken for the signal to fall by 60% from its maximum
value)—are independent of the power (temperature). Whemapproached™, the signal
half-width andzgog, (although to calculatesgey, 0ne now has to take into account the power-
dependent position of the signal peak) acquire power dependence. Both the half-width and
Te00 are monotonically rising functions of power (temperature).

Phonon Flux (w)
108 @
100
80 |- 10” |-
60
4{) -
Generator
20 - B Power (w)
. 10
107 107

Figure 4. Experimental data forreoe for samples Figure 5. The observed magnitude of the TT peak as
(a) unimplanted, (b) implanted, and (c) implanted ané function of generator power for the same conditions
annealed. as in figure 4.
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6. Discussion: comparison with experiment

We have obtained a general expression for the diffusive scattering peak as a function of
arrival time, ¢, and heat pulse generator temperatdig, The result is expressed in terms

of the dimensionless parameter, itself a function of the ballistic time of flight of the
specularly scattered phonons, and of the roughness scale of the surface. We were able to
compare this model with the previous results of heat pulse experiments on an implanted
silicon wafer in which the short-range correlation length, could be changed [9]. An
amorphous layer was first produced below the surface of the wafer by ion bombardment.
The interface between the amorphous and the crystalline regions is known to have two
distinct roughness scales, one of long range produced by the statistical nature of the
bombardment process, and one of short range relating to dislocations [11]. Careful annealing
at an appropriate temperature can remove the dislocations without affecting the long-
range irregularity. Figure 4 shows the variation as a function of the heat pulse generator
temperature7g, of 150, the time taken for the observed FATA scattering peak to fall by

60% of its maximum value under the conditions (a) before ion implantation with diffusive
scattering taking place from the true surface of the crystal, (b) after implantation when both
long-range orderL., and short-range ordek,, were present, and (c) after annealing which
increased.. Finally figure 5 shows the power dependence of thesTBA peak for the

same three conditions.

phonon
signal "T" 1
I
40%

4 4 + 7-60%

Figure 6. The detected phonon signal is the superposition of the spedtitét, and diffusive,
1911 signals. The timesgy is the measured time interval after the specular arrival time,
which the signal falls by 60% of its peak value.

We consider first the pre-implanted data. We assume that the surface is polished to such
a high grade that over the whole range of generator power the dominant phonon wavelength
is still greater thari.. We can describe the signal at the bolometer as the superposition of
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phonon signal TT

Hs

Figure 7. An experimental trace for comparison with the idealized model of figure 6. TT refers
to transverse—transverse scattering, and TL to transverse—longitudinal scattering.

specular and diffusive peaks (figure 6), so the total signal may be written as

5 5
1(1) = I‘T"“‘(TG)+1d"ff(TG)(’f> = I'7°(Tg) [H;(T@(’f) ] (24)

where¢(Tg) is the ratio of diffuse to specular maxima and we also assumed the specular

signal to be narrow and disregarded its temporal dependence arising from that. For

comparison, the experimentally observed signal is shown in figure 7. TT refers-toTFA

scattering, and TL to the mode-converted signal. Any LL scattering is insignificantly small.
Using (24) we arrive at

3 t(Te) \*?
Teow = Io |:120<1—|—§'(TG)> — 1j| . (25)

Assumingiph > [. we must take; (Tg) Té or (P) o< P. Thus¢(P) = ¢oP/Po With &g

to be estimated at the lowest power level from experimental data. For a polished sample
prior to implantation (curve (a) in figure 5) this gaye = 2.3 that is, the diffuse signal

at its maximum exceeds the specular signal at the lowest powBr-=ef3 x 104 W by a

factor of 2.3. At the power leveP’ = 3 x 102 W we will have 7§y, = 50 ns in close
agreement with experimental data (figure 4, (a)). It is worth noting that the TT peak power
dependence also finds a reasonable explanation if we take into account the fact that at low
power levelsP > P, we havel%//(P) o« P? and I¥/f > [*Pec_ The experimental slope

in the range 2« 10* < P < 8 x 10* W is ~P17 with the exponent 1.7 being close

to but less than 2 as it should be in the absence of diffusive scattering. The change of
slope for higherP is an indication that the diffuse scattering cross-section does not follow
a Rayleigh law at higher power levels, when a noticeable fraction of phonon energy is in
the short-wavelength part of the spectrum approaching the lateral Isaaflehe polished
surface.
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After implantation the shape of the TT signal and its half-width change dramatically,
reflecting the fact that now phonon scattering takes place not at the crystal surface, but
at the irregular interface between damaged and crystalline regions. Both the shape of the
observed signal and the TT amplitude variation with phonon generator power show only a
small amount of specular reflection to be present at low power levels. This is obviously due
to the diffuse scattering being much stronger than for the unimplanted sample. Presumably,
for the implanted sample the spectrum of density irregularities in a damaged layer is broad,
and so at a particular phonon power level there are many irregularities present with scales
comparable to all phonon wavelengths. Then after implantation even at the lowest power
level we are close to the top of the family of curves depicted in figure 3. On this basis we
may interpret the experimental results of figure 5, (b) and (c). Firstly, we find experimental
confirmation for our assumption from data in figure 5—see (b), showing the variation with
the phonon generator power of the TT amplitude for the implanted sample. At low power
levels the slope is given bp%’® in agreement with our initial assumption, since we expect
the dependence to be slower thar? if we stay close toT*. The rise of the phonon
generator power brings about a weakening of diffuse scattering which should eventually
saturate with power. The specular component which is still power dependent then emerges
above the diffuse signal, thus providing a gradual change of slope towards the dependence
P, as indeed is seen in figure 5—see (b). The dependentg.pbn P is also consistent
with our assumption. Firstlyzgao, rises with power in agreement with our analysis when the
diffuse signal dominates. However, this behaviour reverses when the specular component
‘overtakes’ the diffuse component, and more phonons form the specular signal which is
characterized by a half-width due to the angular spread of local normals in the eikonal
regime. If we anneal the sample, then we remove most of the short-range irregularities
leaving, however, longer-scale irregularities. Therefore,tfgg versusP curve saturates
and reverses at lower phonon generator powers. Almost throughout the measured range of
phonon generator powers the slope of the signal versus phonon generator power is slightly
higher than 1 (approximately 1.2—1.3), except for at the very beginning (low power levels)
for sample (c) where there appears a slight indication for a slope below unity, which would
be consistent withgg, increasing withP. Finally, we note that the exponent 1.2—-1.3 seen
for the annealed sample (curve (c)) and the implanted sample without annealing (curve (b))
can be understood as a contribution arising from the power variation of the numerical factor
@; in (13), which aboveT* obviously decreases, while diffuse scattering weakens, thus
making the overall dependence slightly faster tidP.

Thus we find that the data observed for this novel series of experiments are in general
agreement with our analytical expressions for both specular and diffuse scattering from
rough surfaces with both long- and short-range irregular components. For Gaussian irregular
surfaces with a finite correlation length for short-scale irregularitiege have shown that
signal half-widths turn out to be wavelength dependent and experimental data confirm this.
In contrast the dependences of the half-widths for the two signals were independent of
phonon wavelength in the white-noise model for short-range irregularities. In this model,
however, an observable half-width variation with phonon generator power may be found
due to interplay between different power dependencies of specular and diffusive signal
amplitudes. We expect then a gradual change of half-width from one power-independent
value to another, corresponding to either broadening or narrowing of the peak.

In summary, we have considered the scattering of heat pulses from rough surfaces
and interfaces modelled in terms of two extreme length cases. We derived, for the first
time, analytic expressions which described both diffusive and specular components of a
scattered heat pulse consisting of phonons of all wavelengths, not just those in long- or short-
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wavelength limits. Our expressions describe satisfactorily the main experimental features
of heat pulse scattering in which the length scale can be varied.
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