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A study was made of the influence of heat-generated phonon pulses on the exciton luminescence
emitted by silicon crystals. The drag of excitons by a directional acoustic phonon flux was
observed for the first time in silicon. Strong reflection of phonons was observed for an atomically
clean freshly cleaved surface of Si in contact with liquid helium. The ballistic component in the
propagation of phonons of 72 >3.8 meV frequency was observed for the first time in silicon.

Silicon occupies a special place among materials includ-
ed in studies of the properties of nonequilibrium hf acoustic
phonons. The availability of pure and “perfect” Si single
crystals in which the low-temperature mean free path of sub-
terahertz phonons is sufficiently long has made it possible to
carry out a great variety of experiments on ballistic phonon
beams in silicon. These were the experiments on the focusing
of phonons, visualization of phonon beams, reflection of
phonons from a surface, interaction of phonons with impuri-
ty atoms, etc.

The present paper describes the first experimental in-
vestigation'’ of the interaction of nonequilibrium acoustic
phonons with exciton states in silicon. These phonons were
injected into samples kept at helium temperature by a sur-
face heater (heat-pulse method). The interaction of phon-
ons with excitons was deduced from the effects observed in
the exciton luminescence spectra of silicon.

The drag of an exciton gas by a directional flux of acous-
tic phonons was observed for the first time for silicon. We
also observed and studied important features of the behavior
of both types of intrinsic excitations of Si in the form of exci-
tons (surface recombination of excitons) and hf acoustic
phonons (interaction with the surface for various conditions
on the surface, dynamics of phonons in a “hot” part of a
crystal near a heater, etc.).

§1.EXPERIMENTAL METHOD AND RESULTS

We used oriented single-crystal rectangular plates of
~ 1 cm dimensions prepared from dislocation-free pure sili-
con (resistivity ~10* Q-cm, difference between acceptor
and donor concentrations N, — N, ~10'2 cm ~?). These
plates were immersed in pumped liquid helium (7= 1.7 K)
inside a cryostat.

One of the faces was illuminated (inset in Fig. 1) by an
obliquely incident beam of light from a cw Ar laser
(A =5145 A, PS100 mW, focused beam diameter 0.5-1
nm), which excited a sample to a depth of ~1 um (Ref. 2).
Free excitons (FE) were generated in the excited layer and
these excitons diffused into the sample creating an exciton
cloud near the surface. The exciton luminescence was ob-
served along the normal to the surface. Special measure-
ments carried out under pulsed excitation conditions
showed that the FE luminescence exhibited nonexponential
decay kinetics. A steep initial fall of the intensity was due to
fast surface recombination of free excitons and the exponen-
tial tail was determined by the lifetime of free excitons in the
bulk. The measured FE lifetime was 7, = 1.0 + 0.1 usin the
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bulk, in good agreement with the results reported in Ref. 3
for Si samples of similar quality.

The observed steady-state luminescence spectrum con-
tained, in agreement with Ref. 4, lines at £, = 1.097 eV, E,
= 1.099 eV, and E; = 1.144 eV, associated with the radia-
tive annihilation of free excitons accompanied by the cre-
ation of optical (w;o, = 57.5 meV, w,, = 55.3 meV) and
acoustic (wr, = 18.8 meV) phonons in the lattice. The
spectrum recorded at 7= 1.7 K showed also clearly lines in
the region of E = 1.093 eV, which were due to radiative
annihilation (assisted by optical phonons) of excitons
bound to impurities (BE). Nonequilibrium phonons were
injected into the sample by pulses (2 X 10 ~7s) generated by
electric-current heating of a constantan film 4 of area 1 X 1
mm and of thickness 100 A, evaporated on one of the faces of
a sample. The energy density of an electrical pulse W was
within the range W = 0.3-30 uJ/mm?, which corresponded
to a heater temperature 7, = 10-30 K. When the heater was
switched on, a continuous spectrum of phonons was injected
into a crystal and it traveled into the interior of a sample. We
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FIG. 1. Free-exciton AI F(¢) /1% (a, ¢) and bound-exciton AZ5(¢)/1§ (b)
luminescence pulses emitted from an exciton cloud (EC) in samples with
different states of the surface: a), b) (111) surface freshly cleaved in
helium; c) oxidized cleaved surface. Propagation of phonons along
q||(111) , R = 3.8 mm (a, curve 1; b, c) and along q||(001), R = 6.6 mm
(a, curve 2). Heating energy density W = 10 £J/mm?. The inset shows
the experimental symmetry. The vertical segments give the calculated
values of the time of arrival of ballistic L4 and 74 phonons.
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carried out experiments of two types differing in respect of
the relative positions of the heater (%) on the faces of a sam-
ple and in respect of the region of soft optical excitation of
the surface, i.e., the exciton cloud region.

1. In the main series of experiments the heater # and the
exciton cloud were located on the opposite faces of a sample
(inset in Fig. 1). The phonons which traveled from 4 to the
exciton cloud on the opposite face altered the intensities of
the luminescence lines due to free (FE) and bound (BE)
excitons. We observed phonon-induced luminescence pulses
I(t) in the case of the FE and BE lines; we determined the
differential signal AI(¢) = I(¢t) — I,, where I, is the steady-
state luminescence intensity at 7= 1.7 K in the absence of
heat pulses. In the case for the FE luminescence, on which
our attention was concentrated, we determined the integrat-
ed (over the spectrum) intensities of the lines £, and E,
measurements in the spectral intervals within the individual
lines gave similar dependences AIF (1) ].

We established that the FE luminescence pulses AIF (¢)
had different profiles and depended strongly on the number
of experimental conditions. First of all, we observed a very
strong dependence of AI” (¢t) on the state of the surface of a
sample near which the exciton cloud is generated. Moreover,
the nature of AI” () depended on the energy density ¥ re-
leased by the heater on the distance R traveled by phonons
from A to the exciton cloud, and on the direction of the
straight line joining /4 and the exciton cloud relative to the
crystallographic axes of the sample.

We shall now consider the role of the state of the sur-
face. We used silicon samples of thickness amounting to sev-
eral millimeters and the working faces (those with /4 and the
exciton cloud) of a sample were oriented along the (111)
plane and subjected to heating characterized by moderate
energy densities ( W~ 10 uJ/mm?). Figure 1a shows the lu-
minescence pulses AI* (¢) determined for a sample when an
electron cloud was created near a freshly cleaved (111) sur-
face formed and stored in liquid helium. Curve 1 was re-
tained when the direction between 4 and the exciton cloud
was normal to the cleaved face (inset in Fig. 1), i.e., when
the direction of phonon propagation (vector q) between A
and the exciton cloud was the {(111) axis. Curve 2 was ob-
tained when phonons propagated from 4 to the exciton cloud
along q}|(001) at an angle to the (111) cleaved surface [in
this case the heater 4 and the exciton cloud on the opposite
(111) faces of a sample were shifted suitably and were not
along the same normal to the faces].

Clearly, in both cases the luminescence pulses had a
positive sign. The beginning of the leading edge of AI” (¢)
corresponded to the shortest arrival times of phonons travel-
ing from / to the exciton cloud. This was evidence of ballistic
propagation along the line from 4 to the exciton cloud in the
case of the phonons which were responsible for the increase
in the FE luminescence intensity (the calculated times for
the transit from /4 to the exciton cloud in the case of ballistic
LA and TA phonons are identified by vertical segments in
Fig. 1). It is clear from Fig. 1a that in the q||{001) case the
amplitude of an AI” (¢) pulse exceeded greatly the ampli-
tude of a pulse in the case when g| (111}, although the latter
was obtained for a much shorter distance between the exci-
ton cloud and the photon source (the distances between A
and the exciton cloud are given in the caption of Fig. 1). This
difference between the amplitudes was evidence of sharp fo-
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cusing of 74 phonons propagating in Si along (001) (rela-
tively weak focusing of LA phonons occurred along the 111
axis ).’ This manifestation of focusing confirmed additional-
ly the ballistic regime of phonon propagation, which in-
duced a positive pulse of the FE luminescence (Fig. 1a).

Figure 1b shows the phonon-induced BE luminescence
pulses AZ? (¢). The sign of these pulses was negative, corre-
sponding to a reduction in the BE luminescence under the
influence of nonequilibrium phonons. We also investigated
how the AI (¢) pulses were affected by oxidation of the
(111) surface which was cleaved in silicon and near which
an exciton cloud was induced. A sample was taken out of the
helium and kept for 20 h in air at room temperature. This
was followed by reimmersion of the sample in liquid helium
at T= 1.7 K and measurements of the phonon-induced lu-
minescence pulses (Fig. 1c). Clearly, the ATF () pulses had
a complex alternating-sign profile. At times corresponding
to the ballistic transit of phonons from 4 to the exciton cloud
there was a short positive peak, which changed to a more
extended negative signal corresponding to a reduction in the
intensity of the FE luminescence.

The experiments described above for one sample (com-
pare Figs. la and 1c) demonstrated that the profiles and
even the signs of the FE luminescence pulses induced by
nonequilibrium phonons depended decisively on the state of
the Si surface near which excitons were excited. In the case
of an atomically clean cleaved surface we observed a positive
AIF (¢) pulse, whereas after oxidation of a cleaved surface
AIF (¢) the luminescence pulse was mainly negative, but it
had a short positive peak at the leading edge.

Similar “bipolar” signals were observed not only after
oxidation of a freshly cleaved face, but generally in the case
of “ordinary” Si surfaces formed in air (for example by po-
lishing or etching in CP-4 solution) when an oxide layer
should form on the Si surface (Fig. 2). The relative ampli-
tude of the AI” (t) /I { signal was independent of the state of
the ordinary surface of silicon, but this state affected strong-
ly the steady-state intensity I 5 (because of surface recombi-
nation of excitons). This conclusion was drawn from a com-
parison of the curves in Fig. 2 obtained for a ground surface
before and after etching, which increased the intensity of the
steady-state luminescence I § by a factor of 5.

Figure 3, which shows the luminescence pulses deter-
mined for a sample with an ordinary (etched) surface, dem-
onstrates the dependence of the AI” () pulses on the density
of the energy released in the heater. Clearly (compare curves
a, b, ¢) anincrease in Wincreased the amplitude of the nega-
tive signal and extended greatly the duration (#> 10 us for
curve ¢) of the negative pulse tail. At the maximum energy
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FIG. 2. Free-exciton AI*(¢)/I luminescence pulses obtained for a che-

mically etched (continuous curve) and ground (dots) (111) surface of Si,
q||<001), W = 10 uJ/mm?>.

Akimov etal. 2349



ar'fy) /1

Ll

ar')/if

10.8

+40.%

0 Z y 6 ¢ us

FIG. 3. Free-exciton AI“(¢)/I § luminescence pulses for an ordinary sur-
face of Si obtained for different values of W (uJ/mm?): a) 0.6; b) 10; ¢)
20; d) 30; q||(001).

density of W = 30 uJ/mm?, when liquid helium started boil-
ing near the surface where the exciton cloud was created, a
positive luminescence pulse was observed (Fig. 3d). It
should also be added that positive AI* (¢) pulses were ob-
served for an exciton cloud near an ordinary surface every
time (irrespective of the energy density released by the heat-
er) when this surface was in vacuum.

Figure 4 shows the FE luminescence pulses obtained for
samples of two thicknesses, i.e., for two values of the dis-
tance R from & totheexciton cloud near the etched surface of
silicon. One of the samples was extremely thin (R =0.3
mm) and a very low power was delivered to the heater A
(W=0.7 ,uJ/mmz). As is usual for an ordinary surface, a
negative pulse was observed (Fig. 4a). However, an increase
inthedistance from 4 tothe excitonclouduptoR = 3.8 mm,
while retaining a low energy density (W = 0.7 uJ/mm?),
reversed the sign of the pulse so that AI” (¢) > 0 (Fig. 4b).

We considered above the phonon-induced FE lumines-
cence pulses. The influence of phonons on the BE lumines-
cence in silicon was also investigated and in all cases it was
found that “negative” AI”® (¢) pulses were observed under
the influence of heat pulses: this indicated that the heat
pulses reduced the BE luminescence intensity (Fig. 1b).

2. In contrast to the experiments described above in
which the heater / and the exciton cloud were on the oppo-
site faces of a sample, we also carried out experiments of a
different type in which h and the exciton cloud were on the
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FIG. 4. Free-exciton AI”(¢) /I § luminescence pulses obtained for an ordi-
nary surface of Si. Distance from 4 tothe excitoncloud R (mm):a) 0.3; b)
3.8, W=0.7 uJ/mm? q||(111).
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FIG. 5. Free-exciton AI“(¢)/1 § luminescence pulses obtained in the ex-
perimental geometries shown as insets. The face opposite to the surface
with h and the exciton cloud (EC) was in vacuum (a) or in liquid helium
(b, ¢). The distance to the opposite face was L = 1.2 mm (a, b) or 10 mm
(c).

same face of a sample of Si (insets in Figs. Sa, 5b, and 5¢). A
cut 0.65 mm wide and 0.53 mm deep was made between 4
and the exciton cloud. This cut prevented “‘ballistic” arrival
of phonons in the exciton cloud from the region of the heater
h. The luminescence signal emitted by the exciton cloud
could only be induced by the phonons generated by h and
reaching the exciton cloud along a curved path that bypassed
the cut, i.e., it could only be due to phonons reflected from
the opposite face of the sample or scattered in the bulk.

Our experiments were carried out on samples for which
both surfaces (that with 4 and the exciton cloud and the
opposite one) were ordinary (subjected to oxidation in air
after etching). The face with 4 and the exciton cloud was
always in contact with liquid helium (7= 1.7 K), but the
conditions on the opposite face could be altered: it could be
either in vacuum or it could be in contact with superfluid
helium. Figures 5a and 5b showed the phonon-induced
AI* (¢) luminescence pulses obtained for a thin sample with
the distance between the faces amounting to L = 1.2 mm.
When the face opposite to 4 and the exciton cloud was in
vacuum, a negative AI” (¢) pulse was observed (Fig. 5a).
However, when vacuum at this face was replaced with super-
fluid helium, there was a radical change in the pulse profile,
which became positive (Fig. 5b). Figure 5c shows the
AIF (t) signal determined using a “thick” sample (L = 10
mm). This signal was positive and its form was independent
of the conditions on the face opposite to the surface carrying
h and the exciton cloud.

§2. DISCUSSION OF RESULTS

a. Mechanisms of interaction between nonequilibrium
phonons and an exciton cloud

It is clear from §1 that the profiles of the phonon-in-
duced free-exciton luminescence pulses AIf (t) can vary
greatly, depending on the actual experimental conditions.
Before explaining the experimental results, we consider first
possible microscopic mechanisms whereby nonequilibrium
acoustic phonons injected into a sample at 7= 1.7 K act on
the exciton gas and its luminescence.

Firstly, dissociation of bound excitons accompanied by
the absorption of acoustic phonons is possible and it in-
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creases the concentration of free excitons. The phonons ac-
tive in this process have frequencies exceeding the threshold
value 7} > AE, where AE = 3.8 meV is the lowest binding
energy of bound excitons.® The existence of BE — FE exciton
processes accompanied by phonon absorption is well known
from steady-state experiments’ demonstrating enhancement
of the FE luminescence (and weakening of the BE lumines-
cence) on increase in the temperature of silicon. In our case
the process of BE— FE dissociation under the influence of
nonequilibrium phonon pulses should obviously result in en-
hancement of the FE luminescence and weakening of the BE
luminescence.

Secondly, nonequilibrium acoustic phonons may be
scattered by free excitons and the latter may acquire the en-
ergy and momentum of phonons (heating of the exciton
gas). It follows from the laws of conservation of energy and
momentum in the case of a parabolic exciton band that
phonons participating in elementary scattering processes
may have frequencies not exceeding

ho'=2m.s"+2 (2m.s"E) ", ()

where s is the velocity of sound; E is the kinetic energy of an
exciton; m,, is the translational mass of an exciton. Accu-
rate determination of the maximum frequency in the case of
Si is difficult because of the complex nature of the exciton
spectrum of Si (Ref. 8) due to the strong anisotropy of the
electron masses in (001) valleys and a quadruple degeneracy
of the valence band extremum at the point I". However, ig-
noring the 0.3 meV “crystal” splitting of the bottom of the
exciton band of silicon,’ we can estimate the maximum value
of ' by substituting in Eq. (1) the largest values of the fol-
lowing parameters: m,, = mj + m” (where m, is the mass
of a heavy hole in Si and mj = 0.92m, is the “heavy” longi-
tudinal mass of an electron) and the velocity s,,
= 8.43 X 10° cm/s. It is found that the scattering by free
excitons at 7= 1.7 K is dominated by low-frequency phon-
ons with #iw < 1.8 meV. Phonons of these frequencies travel
in a clear ballistic manner in pure silicon.*

The processes of the scattering of nonequilibrium phon-
ons on free excitons (accompanied by moderate heating of
the exciton gas) should not by themselves influence the inte-
gral FE luminescence intensity, because these processes do
not alter the total number of free excitons in an exciton cloud
in a crystal. However, we should bear in mind that injection
of nonequilibrium phonons into a sample of Si from a surface
heater creates a directional flux of the injected phonons and
this flux is characterized by an anisotropic distribution of
the phonon momenta. If such a distribution is retained in the
exciton cloud region, then excitons may be dragged by the
phonon flux. The phonon drag of excitons (for a review see
Ref. 10) has been observed earlier in experiments carried out
on a small number of materials such as Ge (Ref. 11) and CdS
(Ref. 12). The drag of excitons by nonequilibrium phonons
may influence the FE luminescence intensity if excitons are
transferred by the phonon flux to the part of a crystal with
different FE recombination conditions (times), which affect
the number of free excitons in an exciton cloud. In particu-
lar, in both experimental schemes (Figs. 1 and 5), when an
exciton cloud is formed near the face of an Si sample and 4 is
outside the exciton cloud, the phonon drag of free excitons
along the normal to the surface should quench the lumines-
cence intensity because of reduction in the number of free

2351 Sov. Phys. JETP 67 (11), November 1988

excitons due to their accelerated surface recombination.

It therefore follows that in an analysis of the influence
of thermal phonon pulses on the luminescence emitted from
a surface exciton cloud in Si we have to allow for two oppo-
site factors. One of them enhances the FE luminescence be-
cause of the BE— FE dissociation of bound excitons under
the influence of “high-frequency” phonons (characterized
by %A > 3.8 meV). The second is associated with the drag of
free excitons toward the surface under the influence of a flux
of “low-frequency” phonons (characterized by #w <1.8
meV) and it quenches the FE luminescence.

b. Calculation of the influence of nonequilibrium phonons on
the exciton-cloud luminescence (steady-state case)

We shall consider a one-dimensional model problem
which is based on the main experimental geometry in which
a surface exciton cloud and a source of nonequilibrium
phonons 4 are located on the opposite faces of a sample along
a line x perpendicular to the surface boundary (inset in Fig.
1). We shall study the behavior of free and bound excitons in

" the region of the cloud in the presence of nonequilibrium

phonons with occupation numbers that vary with time (¢).
The exciton gas densities N (x, ¢) for free excitons and
Ny (x, t) forbound excitons are described by the equation of
continuity allowing for the drag of free excitons and the
equation representing the balance between the free and
bound exciton states. In the case of one bound state of exci-
tons the system of equations becomes '

ONp(z,t) 0°Ne(z,t) INe(z,t)
o ~D PP v(t) ™ + wesNy(z, t)
—wBF(t)NE(x’ t) =01 (23)
&E(axt_’i)_-* [wotwer(t) INs (x, t) —wrsNe(z, £) =0 (2b)

subject to the boundary conditions (at x = 0) allowing for
surface recombination (at a velocity w) and for a constant
surface optical pumping of free excitons (g):

6Np(x, t)

b ox 2=

+v(t) Np(x, t) ]x:no—WNF(xv t) "-°+g=0'
3

The quantity D in Eqs. (2a) and (3) is the diffusion coeffi-
cient of free excitons in an exciton region, which in the case
of pure Si is governed by the processes of the scattering,
discussed above in §2a, of free excitons on low-frequency
(#iw < 1.8 meV) phonons. We shall assume that the value
D = 10*cm?¥/s (Ref. 13) corresponding to the scattering by
thermal phonons (at 7= 1.7 K) is independent (because of
the weak temperature dependence D « T~ '?) of the number
of nonequilibrium phonons, i.e., it is independent of time.
Here, v(¢) denotes the drift velocity of free excitons under
the influence of a flux of “low-frequency” (#iw < 1.8 meV)
nonequilibrium phonons directed toward the surface. It fol-
lows from Ref. 12 that

U=3Ai—lm/ﬁm1 (4)

where s is the velocity of sound, 7, are the total occupation
numbers of low-frequency phonons (including thermal
phonons), and An, = (A, — 7, ) is the anisotropy (de-
scribing the phonon flux) of the occupation numbers of
phonons with the x projections of the momentum directed
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toward the surface (7.} ) and away from it (7, ). The time
dependence v(¢) reflects the kinetics of the flux A7, /n, of
low-frequency phonons. The fourth term in Fig. 2a describes
the capture of free excitons by bound states with the prob-
ability wy ~ 106s~! (Ref. 3), which is the main channel for
the loss of free excitons and governs the experimentally de-
termined (at T = 1.7 K) lifetime of free excitons in the bulk
amounting to 7, = wy' = 1 us. Under the conditions of our
experiments the quantity wy, can be regarded as constant.
The fifth term in Eq. (2a) describes the dissociation of
bound excitons resulting in the creation of free excitons un-
der the influence of nonequilibrium high-frequency phonons
characterized by #() > 3.8 meV. The dissociation probability
Wgr « Hg (t) reflects the kinetics of the occupation numbers
ng of these phonons. The quantity w, in Eq. (2b) is the
probability of annihilation of a bound exciton as a result of
nonradiative Auger recombination of bound excitons (wg '
= 0.6-1 us—see Ref. 3 and the references cited there). In
Egs. (2)-(4) the occupation numbers of nonequilibrium
phonons A7, /7, and 7, , which influence the drag of exci-
tons (drift velocity v) and the dissociation of bound excitons
(probability wyy), are assumed to be independent only of
time but not of the coordinate. This is justified by the small
thickness of the exciton cloud ( ~ 100 um, see below) com-
pared with the spatial scale of changes in the nonequilibrium
phonon concentration in a sample when heat pulses are in-
jected, as found experimentally in measurements of the inte-
grated intensity of the luminescence emitted by the whole
exciton cloud.

In the first stage of investigation of the system of equa-
tions (2) we shall consider its steady-state solution by as-
suming that the parameters of low- and high-frequency
phonons injected into crystals are constant (then the veloc-
ity of drift of free excitons v and the probability w g, of
BE - FE dissociation are independent of time ). The solution
of the steady-state problem makes it possible to analyze im-
portant experimental features of the response of the lumines-
cence to nonequilibrium phonons, particularly the sign of
the momentum AI” (z).

The steady-state solution of Eq. (2) subject to the
boundary conditions of Eq. (3) is of the form

Ne(z, t)=g(D/rtw—v)~'exp(—z/r) (5)

where r is the “thickness” of a surface exciton cloud which
decays exponentially with depth in a sample:

r=(D1)" (B+(p>+1)")~*. (6)
The time
+ BF B
P AL AL (7)
WolWrs WoWrs

which occurs in Eq. (6) is the real lifetime of free excitons in
the bulk of a crystal. It is longer than the lifetime of free
excitons 7, in the absence of nonequilibrium high-frequency
phonons because of the BE — FE dissociation processes that
cause return of excitons to the free state. The quantity

p="/ov (v/D)" (8)

is a parameter representing the relative role of the phonon
drag process which governs v and the BE— FE dissociation
process influencing the time 7.

2352 Sov. Phys. JETP 67 (11), November 1988

It is worth noting that in this discussion the thickness of
the exciton cloud of Eq. (6) is independent of the surface
exciton recombination rate w. In the absence of nonequilib-
rium phonons (when 7 = 7, and 8 = 0) the thickness of the
exciton cloud of Eq. (6) given by r, = (D7,)"/? is r, ~ 100
um for the value D~ 10 cm?/s known from Ref. 13 for pure
Si. It is clear from Egs. (6) and (8) that in the presence of
nonequilibrium phonons and when the drag is weak (8<1)
the thickness of the exciton cloud » = (Dr)'/?, increases
compared with the original value r, = (Dr,)'/? because of
an increase in the exciton lifetime 7 in the bulk; in the case of
a strong drag (8> 1) the thickness of the exciton cloud is
r = D /vanditis independent of the free exciton lifetime 7 in
the bulk.

The luminescence intensity I” is proportional to the to-
tal number of free excitons in the exciton cloud. Integration
of Eq. (5) with respect to x gives

IP~gult+w(3/D)" (B+ (B*+1)")] . (9)

In the absence of nonequilibrium phonons (v =0, 7= 7,
[ = 0) the luminescence intensity is

10F~gro[1+lv(ro/D)'/'] -1, (10)

The relative intensity of the luminescence signal in the pres-
ence of nonequilibrium phonons is

L—_T_. 14w (t/D)"™
IF 1 A+w(w/D)"(p+(p+1)")

(11)

In the limiting case where there is no drag (v =0,
B =0) and only the BE - FE dissociation by #{) > 3.8 meV
phonons is allowed for, we find that 7> 7, and it follows
from Eq. (11) that I°/I% > 1,i.e., the sign of the differential
signal AI¥f =17 — 1} is positive (AI” >0). In the other
limiting case when the dissociation of bound excitons can be
ignored and only the drag of free excitons need be allowed
for (when 7 = 7, and B = Jv(7,/D)"'?), it follows from Eq.
(11) that I*/1§ < 1, i.e., the differential signal is now nega-
tive (AI¥ <0). In general, the signal I*/I{ is a nonlinear
function of the exciton lifetime 7 and of the velocity of their
drift v. Consequently, it depends in a complex manner on the
occupation numbers of high-frequency phonons character-
ized by #if) > 3.8 meV which govern the value of 7 given by
Eq. (7) and on the anisotropy of the momentum distribution
An, /A, of low-frequency phonons with 7w < 1.8 meV; this
anisotropy determines the quantity v in Eq. (4). When the
experimental conditions change, 71, and An,/n,, vary dif-
ferently and this gives rise to the experimentally observed
dependences of the sign (and profile) of the signal on such
experimental conditions as the state of the surface of a sam-
ple, the power of a heater, the distance from the heater to the
exciton cloud, etc. (see §1).

c. Comparison of experiments with calculations. Sign of the
phonon-induced exciton luminescence pulses

A qualitative interpretation of the results obtained in
the main experimental geometry in the case of “‘transmis-
sion” of phonons from 4 to an exciton cloud (Fig. 1) will
begin with an explanation of the dependence of the sign of a
pulse AI” (¢) on the state of the surface of Si near which the
exciton cloud is excited. On the whole, this dependence can
be attributed to the known>'* influence of the state of the

Akimov etal 2352



surface on the conditions of emission into superfluid helium
of low-frequency (#iw < 1.8 meV) phonons responsible for
the drag of excitons. In fact, low-frequency phonons reach-
ing ballistically the surface region of the exciton cloud from
the source 4 are partly reflected at the boundary between Si
and helium and are returned back into the sample and partly
emerge into the helium, and the nature of the reflection
(specular or diffuse) and the fraction of the reflected phon-
ons depend on the conditions on the surface.*'*

The reflection of phonons from a freshly cleaved sur-
face in He, when this surface is nearly ideal, has not yet been
investigated in the case of silicon. However, by analogy with
the results obtained for cleaved alkali fluoride crystals,'* we
can expect a practically 100% (specular) reflection of phon-
ons from the boundary between a freshly cleaved Si surface
and helium. Consequently, in a thin surface part of the exci-
ton cloud, where the forward and reverse reflected ballistic
phonon fluxes are superimposed, the anisotropy of the mo-
mentum distribution of nonequilibrium phonons is largely
cancelled out: A7, =0. It follows from Eq. (4) that the drag
of free excitons is absent (drift velocity v = 0) and the signal
AT” should be positive because of the BE— FE dissociation
(see §2b), which is indeed observed exprrimentally (Fig.
la). The existence of the BE— FE dissociation processes is
confirmed directly by the quenching of the BE luminescence
under the influence of heat pulses (AI® <0, see Fig. 1b).

In the case of an “ordinary” silicon surface with an oxi-
dized layer it is found, as established in a number of experi-
ments,’ that phonons of frequencies <1 meV are scattered
diffusely by the surface and effectively emerge in liquid heli-
um (giving rise to an anomalously low Kapitza resistance at
the interface between a solid and liquid helium). Therefore,
a ballistic flux of phonons from a heater is uncompensated in
the exciton cloud region (A7, #0). This flux drags free ex-
citons toward the surface of Si, where they effectively recom-
bine. This should quench the luminescence (AI" <0),
which is indeed observed experimentally for ordinary sur-
faces (Fig. 1c). Obviously, under these experimental condi-
tions the drag of free excitons manifested in the lumines-
cence predominates over the effect of the BE-FE
dissociation (we shall consider later the origin of a short
“positive” peak preceding negative pulses—see Fig. Ic).

The role of the boundary conditions is manifested also
in the experiments on the dependence AIF (¢) on the power
of the heat pulses (Fig. 3). We can see from Fig. 3 that when
the heating power 4 is sufficiently high, so that helium boils
on the opposite face of the sample where an exciton cloud is
formed, the negative sign of AI” typical of the ordinary sur-
face changes to positive. This is due to the fact that when an
He gas pillow forms at the surface of a crystal, low-frequency
phonons can no longer emerge from the sample. They are
reflected into the sample, compensating the anisotropy A7,
of the direct flux from a heater, which is essential for the drag
responsible for the sign of AI" < 0. We can similarly explain
also the observed sign of AI” > 0 for an ordinary surface in
vacuum, when again no phonons emerge from a sample.

The role of the conditions facilitating the emission of
low-frequency phonons from a sample accounts also for the
sign of the AI” () pulses observed in the experimental ge-
ometry of Figs. 5a and 5b (inset) when the phonon flux
enters the exciton cloud not directly from the heater, but
after reflection of phonons from the opposite face of a thin

2353 Sov. Phys. JETP 67 (11), November 1988

(L = 1.2 mm) sample. If this face is in vacuum, then low-
frequency phonons characterized by fiw < 1.8 meV are re-
flected totally by this face and then reach the exciton cloud,
increasing strongly the drag of free excitons; this explains
the signal sign AI" <0 typical of this case (Fig. 5a). If the
same face is in liquid helium, a considerable fraction of low-
frequency phonons escapes into helium, so that the flux of
phonons reflected from the face is much weaker and does not
ensure in the exciton cloud the strong free-exciton drag nec-
essary for luminescence quenching. The sign of AI” then be-
comes positive (Fig. 5b) and it is due to the BE — FE pro-
cesses of dissociation by high-frequency #)>3.8 meV
phonons which arrive in the exciton cloud as a result of scat-
tering in the bulk of a sample. This conclusion follows from
the preservation of the sign of the signal AI® when a thin
sample is replaced with a thick one (L = 10 mm) and the
reflecting face is very far from the exciton cloud (Fig. 5¢).
Therefore, the experimentally observed influence of the
state of the silicon surface on the phonon-induced AI* ()
luminescence signals is associated with the influence of this
state on the reflection of phonons from the boundary with
helium and, therefore, on the magnitude of the directional
phonon flux that drags free excitons toward the surface. It
follows from Fig. 2 that the phonon-induced relative change
in the luminescence intensity AI” (¢)/1 is independent of
the state of an ordinary surface, i.e., it is independent of the
velocity surface recombination of free excitons on which the
intensity of the luminescence itself depends strongly. It fol-
lows from Eq. (11) that I /I ceases to depend on w if

w(1o/D) " >1 (12)
and then
IF (t/To) "

IF TR (13)
The inequality (12) allows us to estimate a lower limit of the
velocity of surface recombination of excitons w> (D /7,) 12
~10*cm/s (if D = 10°cm?*/s and 7, = 1us). A comparison
of Egs. (11) and (6) shows that when the condition (12) is
satisfied, we have I /I*, = r/r,, i.e., the intensity of the FE
luminescence reflects directly the thickness 7 of the exciton
cloud.

Several factors may be responsible for a phenomenon
observed in experiments characterized by a low heater pow-
er, viz., reversal of the “usual” negative sign of the signal
AI* (¢) for an ordinary surface when the distance between h
and the exciton cloud is increased tenfold and the phonons
propagate along the (111) axis (Fig. 4). The most important
is the geometric factor (finite size of the heater h, phonon
focusing, mode and angular dependences of the exciton-
phonon interaction), an allowance for which can in princi-
ple result in predominance of the BE— FE dissociation over
the drag of free excitons at high values of R.

d. Profile of the phonon-induced luminescence pulses

In §2 we discussed the problem of the sign and magni-
tude of the observed luminescence signals AIF using the
steady-state solution of the system of equations (2) in the
presence of nonequilibrium phonons with time-independent
occupation numbers. The observed profile of the lumines-
cence pulses AI” (¢) depends both on the phonon kinetics in

Akimov etal 2353



the exciton cloud region (i.e., on the kinetics of the occupa-
tion numbers 7, of high-frequency phonons and on the flux
of low-frequency phonons (A7, /7, ) and on the “inertia’ of
the exciton cloud acting as a phonon detector based on the
emitted luminescence. The inertia of the exciton cloud can
be represented by a response time z which corresponds to the
time of a transition of an exciton cloud from an initial state in
the absence of nonequilibrium phonons to a new steady state
with the fixed value of 7, and A7, /7,,. Obviously, the kinet-
ics of changes in AIF (¢) observed experimentally on a time
scale much greater than ¢, reflects the phonon kinetics,
whereas at times shorter than 7 it should reflect additionally
the inertia of the exciton cloud.

A rigorous determination of the inertia of this cloud
requires solution of transient equations (2a) and (2b), but
an approximate value of ¢ can be estimated for two extreme
cases. In one of them the drag of free excitons is ignored and
only the BE - FE dissociation process under the influence of
high-frequency phonons is considered. In this case we have
t~121 us, where 7 is the lifetime of free excitons in the bulk
given by Eq. (7). Clearly, this type of inertia is largely re-
sponsible for the broadening of the leading edge of positive
AT (¢) pulses, induced by ballistic high-frequency phonons
(Fig. 1a). In the other extreme case an allowance is made
only for the strong phonon drag of free excitons, which oc-
curs in the time 7~ry/v = (Dr,)'/*/v~10""7 s taken by
these excitons to drift from the exciton cloud to the surface
(when the drift velocity is v = 10° cm/s). In this case the
inertia of the FE exciton of the cloud includes a contribution
also from the finite time (w, + wyr) ™' S 1 us, describing
the creation of free excitons by dissociation of bound exci-
tons localized in a spatial region (r,) initially occupied by
the exciton cloud.

In all probability the inertia of the exciton cloud is re-
sponsible for the bipolar nature of the AI” () luminescence
signal usually observed for samples with an ordinary surface
washed with superfluid He (Figs. 1c, 2, and 3). The initial
positive peak AIF (¢) can be explained by the fact that the
phonons arriving in the exciton cloud in a short time 7<?
cause BE— FE dissociation which increases the number of
free excitons; moreover, after a time ~? the drag process
becomes dominant and quenches the luminescence
(AIF <0).

We shall now consider the behavior of free and bound
excitons during short time intervals. If 1 € ;, the changein the
luminescence intensity is

AI*(t) (NOEwBF_NOFv/rO)tv (14)

where N2 and N are, respectively, the numbers of bound
and free excitons in the exciton cloud before the arrival of
nonequilibrium phonons. The first term in Eq. (14) reflects
anincrease in the signal AI” (¢) dueto the BE — FE dissocia-
tion, whereas the second term describes the drift of free exci-
tons in an exciton cloud toward the surface under the influ-
ence of the phonon wing. Assuming that in the absence of
phonons (T=1.7 K) we have wg=0, we =75 ',
N2 = N&/wyr,, and also using Eq. (7) for r and Eq. (8) for
B, we find that the condition AI” (¢) >0 in the <7 case is

2(to/T) " B+To/T<1. (15)
On the other hand, the solution of the steady-state problem
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of Eq. (13) shows that the condition AJ F<0 in the case
when t>tis

(vo/0) " (BF (1) ") >1. (16)

Variation of the parameters 7,/7 and S can ensure that the
inequalities of Egs. (15) and (16) are satisfied simulta-
neously (for example, if 7= 27, and 8 = 0.5, we find that
v =0.7X10* cm/s). In this case after a short “positive” rise
of AIF (t) there is a change of sign and a tendency to assume
a steady-state value AI” <0. However, if the drag is strong
so that 8> 1 (v>10%cm/s), the condition (15) may not be
satisfied and the signal AI” (¢) will be negative even for short
times. This B> 1 case is clearly realized for short distances
between % and the exciton cloud (R = 0.3 mm—see Fig. 4a).

In addition to the inertia of the exciton cloud, the ob-
served profile of the AI” (¢) pulses manifests also the charac-
teristic features of the kinetics of nonequilibrium phonons in
the exciton cloud region, which are associated with the ki-
netics of phonon injection into a crystal from the heater 4
and with the propagation of phonons in the bulk of the sam-
ple from /4 to the exciton cloud. Itis clear from Fig. 3 that an
increase in the heating energy density W results in a strong
lengthening of the trailing edge of negative AI” (¢) pulses
caused by low-frequency (#w < 1.8 meV) phonon drag. The
lengthening is due to a time delay in the emission of low-
frequency phonons from a strongly heated crystal-surface
region adjoining the film heater /# (Ref. 15). This is support-
ed by the experimental results obtained in the main geome-
try, but with an additional 0.6 mm cut in a crystal,'® which
interrupts a ballistic phonon flux between / and the exciton
cloud (inset in Fig. 6). Figure 6 shows the AT (t) signals
measured in the absence (a) and in the presence (b) of a cut
in the path between a strongly heated region 4 and the exci-
ton cloud. The absence of the AI” (¢) signal from Fig. 6b
demonstrates that the whole AI” (¢), pulse observed in the
usual scheme (Figs. 1-3), including the extended pulse tail,
is induced by the phonons arriving in the exciton cloud from
h along the direct line. It should be noted that a considerable
extension (lasting microseconds) of the period of emission
of low-frequency phonons in the case of strong heating in the
region of a film heater had been observed earlier for Si by the
method of bolometric detection of phonons. "’

We observed (§1), in the main experimental geometry,
a strong ballistic component in the propagation of low-fre-
quency #€>3.8 meV phonons in silicon. The observation

h, qu EC,
a
h, =1 EC,

5 %, uS

FIG. 6. Free-exciton AI7(¢)/I { luminescence pulses obtained for differ-
ent positions of the heater (4) and the phonon detector in the form of an
exciton cloud (EC) relative to a cut (the experimental geometry is shown
in the inset). The surface was chemically etched and the energy density
was W= 10 uJ/mm-.
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(see Figs. 5b and 5c) of an AI” (¢) > 0 signal in the experi-
mental geometry of Fig. 5 (inset) indicated a fairly strong
pulse scattering of #() > 3.8 meV phonons (most probably
phonons of frequencies exceeding greatly the 3.8 meV
threshold ). These results are in agreement with the current
ideas on the isotopic nature of the scattering of acoustic
phonons in pure silicon at low temperatures. In fact, a theo-
retical estimate of the mean free path of phonons

I=1"(0)s=(nwo) (or/o)'s,

gives 7 = 9.3X 10~ * (Ref. 18) for the scattering on the Si
isotopes (4.7% of *°Si and 3.05% of *°Si) and this yields the
value 7 = 4 mm for phonons of 4-meV energy, which is gen-
erally in agreement with these observations.?

§3.CONCLUSIONS

We reported the first experimental investigations of the
influence of thermal phonon pulses on the luminescence of
excitons in silicon crystals. The great variety of the effects of
thermal pulses observed in the exciton luminescence yielded
new data on the main properties of terahertz and subtera-
hertz acoustic phonons in silicon and on their interaction
with exciton states in Si.

1. The drag of excitons by a directional flux of nonequi-
librium acoustic phonons was observed for the first time in
silicon. The drift of excitons was due to the interaction with
subterahertz phonons (%w < 1.8 meV) and in the experi-
mental geometry adopted by us resulted in the displacement
of excitons to the surface of silicon accompanied by the
quenching of the exciton luminescence because of the fast
(w> 10* cm/s) surface recombination.

2. Our experiments revealed clearly a characteristic be-
havior, depending on the state of the Si surface, of subtera-
hertz acoustic phonons at the boundary between silicon and
superfluid helium. In the case of an atomically clean freshly
cleaved Si surface we observed for the first time a strong
reflection of phonons from the boundary, whereas in the case
of an ordinary surface with an oxide film a considerable frac-
tion of phonons escaped from the crystal into He.

3. Our experiments revealed important features of the
frequency-dependent propagation of nonequilibrium acous-
tic phonons in pure silicon crystals. A ballistic component in
the propagation of phonons of such a high frequency as
#Q) > 3.8 meV was observed for the first time in silicon and
this observation was in agreement with the concept of the
dominant isotopic mechanism of the scattering of acoustic
phonons in pure silicon at helium temperatures. The exis-
tence of a strong time delay in the emission of low-frequency
(#iw < 1.8 meV) phonons from the surface hot region, ad-
joining the film heater, was observed when the heating pow-
er was sufficiently high.
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The results of the present study demonstrated the very
promising nature of the luminescence method for the inves-
tigation of the properties of nonequilibrium acoustic phon-
ons in silicon crystals. The spectrally selective potentialities
of the method are important: they are related to the presence
of two spectrally dependent factors in the interaction of
phonons with an exciton gas (drag of free excitons and disso-
ciation of bound excitons). The method is promising for the
study of the nature of the propagation of phonons in silicon
and particularly the reflection of phonons from the interface
between silicon and liquid helium (problem of the anoma-
lous thermal Kapitza resistance).

The authors are grateful to V.I. Kozub for valuable ad-
vice on many occasions, to I.B. Levinson for a discussion, to
P.D. Altukhov for supplying ultrapure silicon samples, and
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