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In this work we report on the first observation of the far-infrared laser (84-220 u m) magneto-optical absorption by
the exciton system in silicon up to the magnetic field of 50 kG and over the temperature range of 1.7-50 K. The
major absorption lines observed for three geometries, B||(001> B]](l 11), and B||<1 10), are safely attributed to the
1s—2p-type transition of excitons. It is found that the absorption linewidth is sensitive to temperature and to
impurity concentration. The maggitudes of the exciton-phonon interaction and of the exciton-impﬁrity interaction
are thereby discussed. The absorption increases markedly with temperature and increases linearly with the level of
excitation, indicating the coexistence with electron-hole drops. The work function of the condensed phase is
obtained through the thermodynamical method to be ¢ = 7.6 meV. From the time-resolved experiments, the
temperature dependence of the lifetime of the exciton is also obtained.

I. INTRODUCTION

While a large number of experiments! on the
high-density exciton system in germanium have
been performed through microwave measurements,
recombination spectra, light scattering, ultra-
sonic attenuation, far-infrared magneto absorp-
tion, etc., the main probe for investigating the ex-
citonic system in silicon has so far been restricted
only to recombination spectra.'*? Application of
an external magnetic field for observing the in-
duced changes of the electronic energy levels has
been one of the basic approaches in solid-state
spectroscopy, and information about the exciton
system in silicon should be greatly enhanced
through the use of magneto optics. The far-infra-
red laser magneto absorption,®*-® which is a power-
ful tool for studying the internal structure of the
exciton, has indeed been used to make a direct
observation of the dynamical properties of exci-
tons in germanium. Though no comparable ex-
periment exists for silicon, some practical in-
formation is the band-edge absorption provided by
Shaklee and Nahory,® who gave the 1s to 2p se-
paration to be 10.7 and 11.0 meV for TA- and LA-
phonon-assisted transitions, respectively. These
energies correspond to the far-infrared region
around the wavelength of 100 ym. In the absence
of a magnetic field, moreover, Timusk et al.”
have recently furnished new experimental informa-
tion of the 1s —2p-type transitions of excitons in
silicon. In this work we report on the first ob-
servation of the far-infrared laser magneto ab-
sorption of excitons in silicon, which leads to
some important conclusions about their dynamical
properties.

II. EXPERIMENTAL PROCEDURES

Experiments are performed on one undoped
(Ny= N,~10'2 cm™®), three boron-doped (Ng
=8.0X 10" cm™, Ny =4.3x10" cm™, Ny =2.0 x10'°
cm™®), and two phosphorus-doped (Np =8.8 X 103
cm™, Np=8.0x10" cm™) silicon crystals. All
the samples are rectangular shaped, having typical
dimensions of 4X 4x 3 mm?3, For the far-infrared
source, the wavelengths of 119 and 220 ym are ob-
tained from a discharge-type H,O laser, 84 um
from a discharge-type D,O laser, and 96.5 um
(CH,OH) and 103 um (CH,OD) are obtained from a
CO, laser-pumped laser, all of which are operated
in pulses at the repetition of 30 Hz in synchronized
combination with the photoexcitation light pulses
at 15 Hz. The excitation light is provided by a
xenon flash lamp having the pulse width of ~1 us.
The lamp yields the maximum total discharge ener-
energy of 0.24 J per pulse, but the low duty ratio
prevents temperature rise by the excitation light.
The excitation light is guided through a self-fo-
cused light guide (SELFOC) provided by the Nippon
Sheet Glass Co., Ltd. The signal is detected by
an n-type InSb Putley detector that uses a persis-
tent current solenoid and a wide-band amplifier
with a response time shorter than 1 us.
Experiments are carried out in the Faraday
configuration, and a magnetic field up to 50 kG
is applied along the (001), (111), and (110) crystal-
lographic axes for the undoped silicon and along
a (111) axis for doped samples. Temperature is
varied between 1.7 and 50 K. A heater wound out-
side the brass tube transmitting the far-infrared
beam is used to raise the temperature of the
sample to adesired temperature above 4.2 K. Tem-
perature is measured by a Au-Fe versus Chromel
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thermocouple pressed onto the sample holder and
can be controlled with a feedback system to an ac-
curacy of the order of 0.1 K.

The absorption spectra are obtained as In(Z, /I PR
employing two boxcars with the common aperture
of 0.5 us. Here I, and ], are the intensities of the
transmitted far-infrared laser beams at the same
delay time, with and without  optical excitation.
The observed signal is then proportional to the
absorption coefficient by the optically induced sys-
tem. As the apertures of the boxcars are narrow-
er than the pulse width of the excitation light and
shorter than the apparent lifetime of excitons,
we proceed by assuming a steady state at the time
under illumination of the excitation light. The
other details are the same as described else-
where.*

III. ZEEMAN EFFECT OF EXCITONS

In order to get the information about the exciton-
ic states in the presence of an external magnetic
field, realistic exciton models and their accurate
description are necessary. Some simple calcula-
tions of the magnetic field dependence of the ex-
citonic energy levels have been available for many
years.®1% The simplest description is based on
the nondegenerate, parabolic, and isotropic two-
band model. Recently, considerable progress has
been made in the calculation of the effects of an
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external field on the lower excitonic states for
degenerate bands.!!

In the effective-mass approximation and in the
isotropic two-band model, we obtain the simple
Schrddinger equation in which three magnetic
terms appear. When the magnetic energy 7w,
is much smaller than the Coulomb binding energy
E ., (this condition is satisfied for the excitonic
state in silicon, rigorously speaking, at the mag-
netic field lower than 400 kG), they are the linear
Zeeman term, the diamagnetic term, and the
magneto-Stark term introduced by Hopfield and
Thomas.®

Figure 1 shows the typical spectra from the un-
doped sample observed at 4.2 K for several wave-
lengths and at the geometry of B|[(111). The spec-
tra observed at 1.7 K for three different geome-
tries, B/(001), Bll(111), and B(|(110), but for
the fixed wavelength of 119 um, are shown in Fig.
2. The major absorption lines show a little aniso-
tropy, and the positions strongly depend on the
wavelength of the laser. Moreover, the Zeeman
absorption lines can be observed only in the limited
region of the wavelength. For example, we have
no absorption signal for 146 ym (8.5 meV), which
shows that the first excited state exists at an
energy higher than 8.5 meV. For 84 um (14.8
meV), a nonresonant absorption is observed which
originates in the photoionization of excitons into
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FIG. 1. Magnetoabsorption traces at 4.2 K for the wavelength of 84, 96.5, 103, and 146 um and for B ||(111).
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FIG. 2, Typical magnetoabsorption spectra at 1.7K
observed for the wavelength of 119 um and for B {110,
B @11, and B(001).

free pairs. In Fig. 3 we locate a limited number

of points which correspond to the peaks of the ex-
citonic Zeeman absorption and give the correspond-
ing energy curves against the magnetic field for
the geometry of B||(111). A global feature of the
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FIG. 3. Transition energies of the excitonic Zeeman
absorption lines against magnetic field in B [ (111).
Solid circles at zero magnetic field denote the data by
Timusk et al. (Ref, 7). The broken lines represent the
calculation with our proper parameters according to
Eq. (4) (see text).

excitonic energy-level variation with magnetic
field is obvious here, suggesting that the excitonic
energy levels in silicon change gradually over '
the magnetic field (the changes are also shown in
the figure). In silicon the binding energy of the
exciton is about 15 meV, which is about one-third
of the estimated spin-orbit splitting of the valence
band. All valence bands may therefore make a
significant contribution to the excitonic state. On
account of this, Lipari and Altarelli’? show that
one will have two 1s-like ground states and at
least six possible series states for the 2p state
at zero magnetic field. In the presence of a mag-
netic field, accordingly, it becomes too compli-
cated to calculate the energy for real excitonic
states.

In order to explain the observed spectra for ger-
manium, Button et al.'® introduce a phenomenolo-
gical Zeeman energy of the form

E=D(J%~J%/3)+P g,S—g,J)B+cB?, (1)

where J is the total angular momentum of the
hole, S is the spin of the electron, and B is the
Bohr magneton.

The effective g value for any given exciton state
will then be of the form!*

L1 =Au8u1a.8, 10,8, (2)

where a,’s (i= u, e, h) are numerical coefficients
which depend on the symmetries of the electron,
hole, and envelope functions. In the presence of
appreciable spin-orbit coupling, Lipari and Al-
tarelli*? express the wave function in the F, F,
representation, where F(=L +J) is the composition
of the orbital angular momentum of the envelope
function and the spin § corresponding to the val-
ence-band degeneracy, while F, is its projection
on the magnetic field direction. Accordingly, the
effective g value will be of the form

a1 =a,8, T Ar8p- (3)

Hereafter we will adopt the F, F, representation
in the excitonic states.

If we write AE for the transition energy from
1s to 2p, its form must bear some analogy with
Eq. (1), namely,

AE=aFibf,.’B +cp B, (4)

As the selection rules for the electric-dipole
transitions in the Faraday configuration must be
AS=0 and AF,=zx1, the explicit form for the tran-
sition energy is expressed only in terms of F and
F,, and the (&) signs in Eq. (4) refer to the transi-
tion for AF,=zx1, respectively. The first term in
Eq. (4) represents the zero-field splitting, the
second represents the difference in Zeeman energy
of the hole for 1s and 2p excitonic states, respec-
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tively, and the third represents a diamagnetic
contribution which becomes dominant above 20 kG.
Out of many possible excitonic transitions, we
have tried to obtain values of the coefficients for
the transition from the lowest excitonic state
183/2, (Ref. ) by fitting our experimental data for
B |{111) with the above formula. They are

b, =(0.62x 10%) meV/kG for 1532, - 2P,(%,,

(1.5x 10" meV/kG for 1S3f2, - 2P3/2, or 153/2,
~2P}%,, and c§ =(4.1x10™) meV/kG*. For other
transitions, we have been unable to give the cor-
responding coefficients. As for the diamagnetic
coefficient ¢z , we find the same value for each
transition. It is true that a detailed interpreta-
tion of the coefficients of the phenomenological
Zeeman energy would also be possible in terms
of the effective-mass approximation. However,
in that case it may also be necessary to include
other anisotropic terms in the Zeeman Hamilton-
ian. Qualitatively, our experimental results for
anisotropy can be explained by inclusion of the
type such as the second and third terms of Eq. (1).

IV. LINEWIDTH OF EXCITON ZEEMAN ABSORPTION

The exciton will have a fairly short lifetime
against scatterings which drive the exciton into
other excitonic states. Such scatterings will affect
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the linewidth of the far-infrared Zeeman absorp-
tion for excitons. It should be noted that the scat-
tering may occur both by phonons and by impuri-
ties. The linewidths AB of the absorption have
been studied as a function of temperature and
concentration of impurities.

A. Phonon scattering

Typical traces of the far-infrared magneto ab-
sorption by an undoped sample are shown in Fig. 4
for the wavelength of 119 um and B|/(001) at var-
ious temperatures. Out of many excitonic Zeeman
transitions arising from the 1s - 2p-type transition
we take the line showing up at 45 kG as the moni-
toring signal for the temperature dependence of
the linewidth, since the line is clearly observed
even at relatively high temperatures. The line-
width broadens rapidly as the temperature is
raised and the absorption intensity markedly in-
creases. The linewidth, however, depends neither
on the excitation levels nor on the delay time after
the excitation. In other words, the width is not
dominated by exciton-exciton scatterings but by
exciton-phonon scatterings for the undoped sample.
In carrying out the linewidth measurements, we
make two different assumptions. First, the ab-
sorption lineshape is Lorentzian, and second,
the energy shift of the excitonic level has a linear
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FIG. 4. Temperature dependence of magnetoabsorption spectra measured at 119 um for B [[<001). The absorption
signal at low magnetic fields looks like a plateau. It consists of more than one broad exciton absorption. The curve
shown by the open circles is the absorption calculated according to the Lorentzian shape with AB =14 kG,
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dependence on magnetic field for the resonance in-
terval.

The temperature dependence of the half-width
AB is shown in Fig. 5 in logarithmic scales. It
should be noted that the half-width AB increases
roughly linearly with the temperature above 5 K.
Below 5 K, it tends to be independent of tempera-
ture. The linear dependence of the half-width on
the temperature agrees with Toyozawa’s theory!®
and indicates that the broadening of the excitonic
absorption line for the undoped silicon may be due
mainly to exciton-phonon interaction. Most notice-
able is the decrease of temperature dependence of
the half-width below 5 K. This phenomenon, which
also follows from the theory, indicates that at low
temperatures the scattering lifetime of excitons
is mainly determined by their spontaneous emis-
sion of phonons.

Toyozawal® gives an expression of the intraband
scattering rate for 1s excitons by acoustical pho-
nons, at temperatures higher than the character-
istic temperature &,, as follows:

/7 gopn=8m¥2kT(C, - C)*/9ni’pu , (5)

where m* =m}+m}, p is the density of the crys-
tal, « is the sound velocity, and C, and C, are the
deformation potentials of the valence and the con-
duction bands, respectively. Equation (5) predicts
that the scattering rate 1/7,,_, is proportional to
temperature. This relation fails at very low tem-*
peratures where T<©,. In the same expression
one should then replace T with ©,. The character-
istic temperature 6, is given by
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FIG. 5. Experimental results for the temperature
dependence of the half-width of the excitonic Zeeman
absorption line in the undoped silicon. The scattering
rates derived from the line-shape analysis are also
shown (see the scale on the right). The solid straight
line having the slope of 45° indicates the linear depen-
dence of the scattering rate on temperature.

0o~ 2mu*/k . (6)

Inserting me ¥ ~0.6m, and u =~ 5x 10° cm/s for sili-
con, we get ©,~2 K.

From an above-mentioned knowledge of the
slope of the line in meV/kG, the energy width of
the line can be deduced from the experimentally
determined magnetic field width. Typically, the
value AB =39 kG obtained from our experiment
at 13 K corresponds to AE ~0.98 meV. Expressed
in terms of collision frequency through the rela-
tion AE =#/7, it becomes 1.5% 10'2 s™!, This re-
sult should be compared with AE =0.5 meV ob-
tained by Timusk ef ql.” at 13 K from the far-in-
frared exciton absorption at zero magnetic field.
According to Toyozawa’s calculation,'® the scat-
tering rate 1/7,,_, in Eq. (5) gives 7x 10° s™ at
13 K, if one takes m* =0.6m,, p=2.3 g/cm?, u
=5x10° cm/s, and C,— C,=5 eV. This value is
too small to explain the experimental result. One
probable reason for the discrepancy would be that
Eq. (5) is concerned only with the intraband scat-
tering of 1s excitons, whereas the experimentally
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FIG. 6. Absorption lines for various impurity con-
centrations at 1,7 K and for the wavelength of 119 pm.
The base line for each trace is also shown.
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observed linewidth may be due to both intra- and
interband scatterings. If this reasoning is cor-
rect, the observed line broadening of the exciton
absorption should be due to the sum of two band-
widths, i.e., those of 1s and 2p. Especially for

2p states, the interband scattering of the 2p exci-
ton to 1s states will make a predominant contribu-
tion to the linewidth because, in addition to acous-
tical phonons, all other modes of lattice vibration
could contribute to this scattering. Another pos-
sible origin of the line broadening may be the mag-
neto-Stark effect due to the thermal motion of
excitons in the presence of a magnetic field. But
this is far from accounting for the entire broaden-

ing.

B. Impurity scattering

Typical traces of the far-infrared magneto ab-
sorption from boron-doped as well as phosphorus-
doped samples at 1.7 K are shown in Fig. 6 for
the wavelength of 119 yum and for Bll{(111). we
take the line showing up at 12.3 kG as the monitor-
ing signal for the linewidth measurement. We
have looked for a correlation between the half-
width AB and the impurity concentration. The re-
sults are exhibited in Fig. 7 against boron and
phosphorous concentration, simultaneously. The
genuine contribution of impurities to the line-
width, which we shall denote with AB,, should be
sought after subtracting the effect of phonon scat-
terings obtained from the data of undoped sample,
and is given by triangles. The proportionality of
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FIG. 7. Concentration dependence of the half-width
for boron and phosphorus impurities. The scattering
rates derived from the line-shape analysis are also
shown (see the scale on the right). Triangles represent
the results after subtraction of the contribution from
the phonon scattering. The solid straight line having
the slope of 45° shows the linear dependence of the scat-
tering rate on the impurity concentration,

AB;to Ngand N, shows that the observed effect
really reflects the scattering by doped impurities
within the limits of errors involved. It should be
noted that the cross section of the exciton-impuri-
ty scattering does not depend on the type of dopant,
i.e., neither donor nor acceptor.

Recently, Elkomoss and Nikitine'® have calcu-
lated the exciton-neutral impurity elastic-collision
cross section. The interaction potential U between
the exciton in the 1s state and a neutral impurity
can be considered to be of the van der Waals type,

U=-C/R®, ("

where C is the van der Waals constant and R is
the distance between the centers of the two neu-
tral particles. With the collision damping theory
by Weisskopf,!” the cross section is given by

0, =m(31C/80,,)%%, (8)

where v, is the average velocity of excitons.
Treating the van der Waals interaction as a per-
turbation, it can be shown that

C=24E,ada%/[h(1+ay/a,,)], (9)

where E, is the binding energy of the exciton, and
ae, and g, are Bohr radii of the exciton and the
impurity, respectively. Since the Bohr radius is
nearly the same for donor and acceptor, it is not
too surprising that the scattering cross section
apparently does not depend on the type of impuri-
ty. The experimental data can be approximated by
the simple relation

AB = AB,,_u+ AB;. (10)

Here AB is the total observed linewidth and AB,
is expressed in terms of the impurity concentra-
tion N,

AB,;=aN, (11)

where a is a constant. AB,,_. is then the residual
width as N~ 0. Thus the scattering coefficient

a =(v,0,), obtained from the experimental results,
is 6.1x 10 cm®/s. Taking v, =(3kT/m¥%) /2~ 10°
cm/s at 1.7 K, we get 0,=5.6X 1071° cm? as the
exciton-impurity scattering cross section at this
temperature. Equation (8) gives the exciton-im-
purity scattering cross section

0,=1.1x10"2 cm?. (12)

Here we take E,, =14.7 meV, q,, =41 A, a,=13 A,
and v, =10° cm/s at 1.7 K. This value is again
too small to explain the experimental result. The
situation, however, will be the same as the case
for the exciton-phonon interaction. In fact, we
need the scattering cross section for the 2p exci-
ton.
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V. THERMODYNAMICAL DETERMINATION
OF WORK FUNCTION
FOR ELECTRON-HOLE DROP

As already shown in Fig. 4, the excitonic ab-
sorption behavior strongly depends on tempera-
ture at relatively high excitation levels. That is
a characteristic feature of excitons coexisting
with electron-hole drops. Figure 8 shows the de-
pendence of the absorption coefficient, obtained
at the wavelength of 119 um and at B=0, on the
reciprocal temperature at different excitation
levels. For the wavelength of 119 ym (10.4 meV),
there is a resonant absorption by excitons which
corresponds to 1s - 2p-type transitions even at
B=0. It is seen in Fig. 8 that, starting with a
certain threshold temperature T,,, the absorption
decreases sharply. This behavior of the absorp-
tion at B # 0 is in analogous fashion. It should be
noted that the vertical axis In(J,/I,) is proportion-
al to the total exciton concentration. The straight
line drawn through the threshold points, indicated
with cross marks, separates the diagram into two
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FIG. 8. Temperature dependence of the excitonic ab-
sorption intensity at different excitation levels g.
Crosses represent the threshold points derived from
our measurements, The solid straight line drawn
through the crosses yields the value of the work function
¢ =7.6 meV according to Eq. (17) (see text).

parts: one corresponding to the region in which
the exciton system is in the gas phase and the other
to the liquid and gas coexisting phase. The slope
of the boundary line yields the value of the work
function for the electron-hole drop. In order to
get a more analytical expression for the phase
boundary, we will use the following simple model.
The exciton flow entering the surface of the drop
is given by nR?v n,,, where R is the radius of the
drop. In steady state, this quantity must by equal
to the sum of the recombination rate inside the
drop and the time rate of excitons evaporating
from the surface of the drop. One can write

TR0 Moy = 4Ry /37y + 4TR2A exp(—¢/RT) . (13)

Here 7, is the total recombination time, #, is the
concentration of carrier pairs in the electron-hole
drop, ¢ is the work function, and A is the coef-
ficient inherent to the thermoionic emission which
is proportional to 72. On the other hand, under
steady-state conditions we have

85Ny /Toy +4TR* N, /37, (14)

where g is the excitation level, 7, is the lifetime
of excitons, and N, is the concentration of drops.
From Egs. (13) and (14) we obtain

g~ (4A/v,T,,) exp(—¢/kT)
=(4ny /30, TN 1/ T + Ny TR)R . (15)
Equation (15) tells us that R=0 if
& - (4A/vTy,) exp(-¢/RT)Z 0. (16)

It follows that the condensed phase can appear only
if the threshold value of the excitation level is
reached, viz.,

Sin=(44/v,T,,) exp(—¢/kT,,) . %))

The solid line in Fig. 8 corresponds to Eq. (17)
with ¢=17.6 meV. Strictly speaking, the thermo-
dynamical measurement of the work function ¢
must take into account the temperature dependence
of ¢ and the effect due to the surface tension. The
magnitude of the correction 20/n,R to the work
function is about 0.15 meV for the small drop of the
radius R =1000 A, where o is the surface tension.
This value is smaller than the experimental error.
It should be mentioned here that Dite et al.!® have
also determined the work function through the
thermodynamical method and found ¢ =7.9 meV.
Our result ¢ =(7.6+0.5) meV will have to be com-
pared with the spectroscopic value of 8.2 meV.*®
As in the case of germanium, it cannot be avoided
that a small discrepancy exists between spectro-
scopic and thermodynamical values of ¢.
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VI. EXCITONS COEXISTING WITH FREE CARRIERS

Figure 9 shows the absorption coefficient by
excitons for 119 yum as a function of the reciprocal
temperature at high excitation levels and in the
midst of the excitation. In the same figure, the
free-carrier absorption obtained at 220 um is
also shown under the same excitation conditions.

It should be noted that the exciton absorption
gradually increases as the temperature is raised,
reaches the maximum at 15 K, and then decreases.
The free-carrier absorption, on the other hand,
drastically increases above 15 K. These phenom-
ena suggest that a plasma composed of free elec-
trons and holes in thermal equilibrium with ex-
citons exists above 15 K. An essential require-
ment for the existence of a kind of chemical equi-
librium between excitons and free carriers is that
the common thermalization time is short com-

50 20 10 7 5 4T(K)
IA T T 1 T T
i °o N9 um  ng,
A ® 220 um n
A nzlnex
A
10 — T %xp(-Eg kT)
—~ B °°o°°°°
7 o 0
:‘C: I oo";ﬁ oo
2 \ o
R o \| °
a B \ o
= | s "
~ o @ ‘\ °
1.0: ° [ ] ‘\‘ 4
R \a Te,
SO o
S f *
i °
o.l A A 1 1 A A A A PR —d

0 4 8 12 16 20 24
100/T (1/K)

FIG. 9. Temperature dependence of the excitonic
(119 pm) as well as the free-carrier (220 um) absorp-
tion showing the dissociation of excitons to free carri-
ers at higher temperatures. Triangles show the value
K =n’/nex derived from the absorption intensity at each
temperature. The solid straight line drawn through
triangles at the higher-temperature region yields Eex
=14.7 meV and predicts a quasiequilibrium between the
exciton and the free-carrier system.
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pared to the particle lifetimes. The condition is
ZeZh/Zex=nenh/nex=K(T)’ (18)

where Z,, Z,, and Z, are the partition functions,
while n,, n,, and n, are the total numbers of elec-
trons, holes, and excitons, respectively, and
K(T) is the equilibrium constant. K(T) is given by

K(T) =(g,8,/8e)(m¥m}/20%m X )%k T)%/?

X exp(-E,, /kT), (19)

where g, g,, and g, are degeneracy factors of
electrons, holes, and excitons, respectively. The
hole concentration in our pure sample will be
equal to the electron concentration, i.e., n,=n,=n.
The steep solid line in Fig. 9 gives K(T) =n*T)/
ne,( T) with the exciton binding energy of 14.7 meV,
which is in agreement with optical measurements.
We can conclude from the experiments described
above that intersystem thermalization occurs quite
rapidly in comparison with the recombination
times, and even at the highest exciton density
reached in our experiment there is no evidence
of an insulator-metal transition.?°

From the time-resolved experiments we have
obtained the temperature dependence of the life-
time of excitons. Figure 10 shows the decay curves
of excitons, obtained from the absorption at 119
pwm with temperature as parameter. At higher
temperatures it seems that we have two time
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FIG. 10. Time variation of the zero-field excitonic
absorption at the wavelength of 119 ym is shown for
three temperatures.
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constants. The initial fast decay may be due to
the Auger recombination among excitons, and the
subsequent slower decay, which depends on tem-
perature, is considered to originate in the recom-
bination via impurities. It is found that this slow
decay constant reaches 30 us above 20 K.

VII. CONCLUSIONS

The excitonic energies of silicon in the magnetic
field are obtained from the magneto absorption of
several far-infrared laser wavelengths. It is
found that the diamagnetic term gives a dominant
contribution to the energy shift above 20 kG.

We have measured the temperature dependence
of the exciton scattering rate through the linewidth
measurement of the Zeeman line for various
samples. Temperature dependence of the linewidth
for the undoped sample and comparison of the re-
sults between the doped and undoped samples
strongly indicate that the exciton-phonon scattering
mainly contributes to the linewidth of the excitonic
Zeeman line of the undoped sample. The existing
theory by Toyozawa for the 1s exciton, however,
is not quantitatively to account for the observed
linewidth. A better agreement is expected if one
includes the effect of the interband scattering for

the 2p exciton in the theory. For doped samples,
on the other hand, the linewidth seems to consist
of two effects, i.e., exciton-phonon and exciton-
impurity interactions. The exciton-impurity scat-
tering can be treated theoretically as one type of
the van der Waals interaction, and it is experi-
mentally confirmed that the scattering cross sec-
tion is common for both donor and acceptor.

We obtain the work function for the electron-hole
drop in silicon through the saturation effects of
the exciton absorption. This is a new determina-
tion of the work function for the electron-hole drop
in silicon by the thermodynamical method. We
further interpreted the coexistent system com-
posed of excitons and free electron-hole plasma
in terms of the chemical-equilibrium concept.
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