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Far-Infrared Reflectance Spectra of Si:P near the Metal-Insulator Transition
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Far-infrared reflection measurements on Si:P both on the metallic and insulating side of the
metal-insulator transition (MIT) were performed at low temperatures. In the metallic regime free-
carrier absorption and, additionally, absorption peaks due to interband transitions from the impurity
band to the conduction band and to transitions between the broadened valley-orbit split 1s states
are observed. This gives clear evidence that the impurity band is formed by the overlap of the
1s(A;) ground states and is well separated from the conduction band when the MIT occurs. Only
far beyond the metallic limit the impurity band merges completely with the conduction band.

PACS numbers: 71.30.+h, 71.55.Cn, 78.50.Ge

The metal-insulator transition (MIT) in doped semi-
conductors continues to be a major field in solid state
physics. The nature of the electronic states close to the
critical doping concentration N, is not completely un-
derstood. In particular, the question whether the MIT
occurs in an impurity band well separated from the con-
duction band or inside the conduction band itself is a
problem still under discussion [1]. Another open ques-
tion is the influence of the valley-orbit splitting in many-
valley semiconductors like Si and Ge on to the electronic
density of states in the metallic regime. It has been sug-
gested that the many-valley nature of tetrahedral semi-
conductors leads to the absence of a Mott-Hubbard gap
in the single-particle excitation spectrum [2].

First evidence that the MIT in doped silicon and ger-
manium occurs in an impurity band which merges with
the conduction band only when the doping concentration
N exceeds approximately 3N, came from Knight shift
measurements [3,4]. Later, this result was supported by
calculations of the Knight shift and the specific heat in
Si:P on the basis of a tight-binding model for the impu-
rity band, which led to good agreement with experimen-
tal data [5]. More recently Rosenbaum et al. [6] observed
a sharp feature in the low-temperature magnetoconduc-
tivity in Ge:Sb for a doping concentration above the MIT
at a field corresponding to the central-cell splitting. This
suggests that central-cell effects in the metallic phase per-
sist and that the electronic states responsible for trans-
port are derived from an impurity band.

Optical spectroscopy is a well-established method to
probe the nature of these electronic states. The high
energy resolution of absorption and reflection measure-
ments provides information on the band structure over
a wide energy range. The conductivity function o (hw)
reflects the joint density of states. Thus, from far-
infrared spectroscopy on uncompensated Si:P with the
well-known conduction band, detailed information of im-
purity states and the impurity band should be obtained.
In fact, infrared absorption measurements on the single-
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valley system GaAs:Si near a magnetic-field induced MIT
have shown evidence for an impurity band [7,8]. How-
ever, the many-valley nature of Si:P might strongly affect
the electronic band structure near the MIT as mentioned
above.

Several infrared absorption measurements on Si:P have
been performed (see for example references in [9]), the
most comprehensive and complete one by Thomas et al.
[9]. All of them, however, are restricted to the insulating
side of the MIT whereas optical measurements on metal-
lic samples in the FIR regime are still missing, with the
exception of two barely metallic samples very close to N,
[10,11]. In this paper, we report on far-infrared reflection
measurements which allow us to investigate samples on
the insulating as well as on the metallic side of the MIT
with the same method, yielding directly the conductivity
function o(fw). On the other hand, a determination of
o(hw) from the absorption coefficient a(Aw) by transmis-
sion measurements via o (hw) ~ a(hw)n(fw) [12] requires
the knowledge of the refractive index n(fw), which of
course shows a different frequency dependence for insu-
lators and metals. Our measurements thus demonstrate
unambiguously that the MIT in Si:P occurs in the P-
derived impurity band.

Phosphorus-doped single crystals were grown with the
Czochralski method, yielding rods 54 mm in diameter.
Taking advantage of a P concentration gradient along the
axis of the rods, several samples with different N could
be conveniently cut from a single rod using a diamond
saw. N was determined by the room-temperature resis-
tivity pogs using the calibration of Thurber et al. [13].
As usual, a fit of the resistance ratio R (295 K)/R (4.2
K) vs pags was employed for a more accurate concentra-
tion determination (= 0.1%). The samples with typical
dimensions of 9 x 9 x 4 mm? were polished with diamond
powder to obtain a clean and planar surface.

Far- and mid-infrared reflection measurements were
performed using a Fourier transform spectrometer
Bruker IFS 113v. The spectral range varied between
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2 meV and 620 meV (20 cm~!-5000 cm~!). A black
polyethylene filter eliminated radiation above 1 eV.

The samples were mounted in a helium-flow cryostat
with thin polyethylene windows. Sample cooling was
achieved by helium exchange gas (p = 10 mbar). The
temperature was measured with an AuFe-Cr thermocou-
ple mounted on the sample holder. At each temperature
the radiation reflected from the sample was compared
with that reflected from a gold mirror. Identical posi-
tioning of sample and mirror was attained by laser ad-
justment and a special turning mechanism. The absolute
photometric accuracy of the reflectance data was better
than 1%. There was no heating of the sample by the inci-
dent radiation as determined by an additional platinum
resistor mounted directly on a sample surface during a
test run.

In order to check whether the broad spectrum of the in-
cident radiation causes changes in the carrier distribution
(e.g., by photogeneration of free carriers) we performed
intensity dependent reflection measurements at low tem-
peratures. No changes of the reflectance spectra occurred
upon reduction of the intensity to a level of 5%.

Figure 1 shows the reflectance spectra R(hw) of sam-
ples with different doping concentrations measured at
10K. The dielectric function e¢(fw) was obtained by per-
forming a Kramers-Kronig analysis of the measured re-
flectance spectra extrapolated to lower and higher en-
ergies using a Drude-Lorentz model. Figure 2 shows
the corresponding spectra of the optical conductivity
O = €2€pW.

First we discuss the conductivity spectra of the samples
in the insulating regime, i.e., with doping concentrations
N lower than N, = 3.52 x 1018 ¢cm~3. All spectra show
broad peaks near the ionization energy E; = 45 meV of
the P atom in Si. The inset in Fig. 2 gives an energetic
scheme of the impurity levels in the dilute limit. With
increasing doping concentration the maximum shifts to
lower energy and broadens. A comparison of the ab-

viem™)
0000 0000
N=73-10"%m’ ER»
80 -
S
— 60_
a
5
Z o}
@
o
20
0 4ol FE R I W R N T Y R R B 't
1 10 100 1000

fw (meV)

FIG. 1. Reflectance spectra R(fw) of insulating and metal-
lic Si:P samples at 10 K.
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sorption coefficient a(fw) for N = 1.8 x 10 cm~3,
derived from reflection measurements, with earlier ab-
sorption spectra [9] leads to an excellent agreement. In
a simple picture these peaks in o(fw) labeled with E;
can be explained by optical transitions from the broad-
ened ground states to the conduction band, where the
broadening is due to disorder and electronic correlations.
These spectra were described by excitation processes in
larger clusters of donors by Thomas et al. [9]. At a still
lower donor concentration N = 3.4 x 1017 cm~3 opti-
cal transitions 1s(A;) — 2po and 1s(A;) — 2p4 in the
reflectance spectrum are observed. The donor energy lev-
els are in very good agreement with earlier data derived
from absorption measurements as will be reported else-
where [14]. For the concentrations of the present work
these transitions are masked by the featureless broad-
band absorption due to larger clusters.

At a concentration N = 3.3 x 1018 cm—3, i.e., just be-
low N, weak contribution of free-carrier absorption can
be observed as deduced from the presence of a low en-
ergy tail of o(Aw). Even for N = 1.8 x 10'® cm™3 a
weak tail corresponding to o ~ 2 Scm™! is seen. This is
in qualitive agreement with specific-heat measurements
showing a linear contribution in temperature even below
N¢ [15,16]. Generally, such a contribution is attributed
to free carriers. However, since the dc conductivity is
zero for T' — 0 the carriers are not delocalized over the
entire crystal. Rather, quasifree carriers confined to clus-
ters would be a possible explanation. However, the only
qualitative agreement between “free” carrier concentra-
tion below N, from specific heat and reflectivity calls for
further investigations.
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FIG. 2. Conductivity function o(hw) of different samples
obtained by Kramers-Kronig analysis. The inset gives a
sketch of the level scheme of Si:P states in the dilute limit
including valley-orbit splitting of 1s states; CB = conduc-
tion band; E; = ionization energy of the impurity atom; Fv g
= valley-orbit splitting between the 1s(A:) and the closely
spaced 1s(T1) and 1s(E) levels.
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For the metallic samples, three different features can
be seen which are assigned to three different absorption
mechanisms. First, intraband transitions are present as
indicated by the occurrence of well-defined plasma edges
in the reflectance spectra (Fig. 1). The spectral weight
of this free-carrier absorption increases with increasing
doping concentration. Extrapolating to the limit Aiw — 0
fairly good agreement with the values of the dc conduc-
tivity is obtained.

Second, weak absorption shoulders in o(hw) around
E; = 45 meV clearly demonstrate that transitions into
the conduction band persist even in the metallic state.
We interpret these excitations as interband transitions
from the impurity band to the conduction band. Thus,
in addition to the free-carrier absorption these interband
transitions can be observed in metallic samples, giving
evidence that the metal-insulator transition in Si:P oc-
curs in the impurity band and that the electronic trans-
port at low temperatures is confined to this band which
is well separated from the conduction band. The same
interpretation was given by Lee et al. [7] and Romero
et al. [8] who performed absorption measurements on
single-valley n-type GaAs in the metallic state near the
magnetic-field induced MIT. We add that temperature
dependent reflection measurements on several metallic
Si:P samples display that these interband transitions
decrease with increasing temperature between 150 and
300K [14]. This can be explained by the continuous ther-
mal depopulation of the impurity band and the increas-
ing occupation of the conduction band with increasing
temperature. This additionally demonstrates that the
excitations at about 45 meV are due to transitions of
electrons in the impurity band to the conduction band
and rules out the possibility that the observed transitions
stem from a few isolated donors.

The third and most striking feature in the conductiv-
ity function is the absorption peak around 7 to 8 meV
which is present in metallic samples only. This energy
is close to the valley-orbit splitting Eyvs = 10 meV be-
tween the 1s(A;) and the closely spaced 1s(77) and 1s(E)
levels for isolated donors well in the insulating regime
(see inset in Fig. 2). At first sight, it appears surprising
that a spectroscopic feature of isolated donors becomes
clearly visible only in the metallic regime. However, in
the isolated-donor regime, i.e., at very low doping con-
centrations this transition is dipole forbidden due to the
angular momentum selection rule Al = +1. When the
impurity atoms begin to interact the orbital angular mo-
mentum is no longer a good quantum number. Some
indications for the weakening of the selection rule in the
insulating regime were already observed by Thomas et
al. [9]. In the metallic regime when impurity bands are
formed by overlapping impurity ground states this selec-
tion rule should break down completely because there is
no selection rule Al = +1 for extended states. The ab-
sorption peaks at about 10 meV constitute unambiguous
evidence for transitions between the broadened valley-

orbit split levels in the metallic state of Si:P. As can be
inferred from Fig. 2 the oscillator strength of this transi-
tion becomes stronger with increasing doping concentra-
tion up to N = 2N, which is in agreement with the break-
down of the selection rule. Additionally, these peaks dis-
appear with increasing temperature. This, again, can be
explained by the continuous thermal depopulation of the
impurity band formed from the impurity 1s(A;) ground
states. We add that another sample with N = 7.0 x 1018
cm~3 yielded exactly the same features as described here
for the N = 7.3 x 10'® cm™2 sample.

Peaks in the absorption spectrum of two metallic sam-
ples very close to N, were reported earlier [10,11]. It
should be noted that the absorption coefficient a(fw)
shows a maximum even in the case of pure Drude-like
intraband transitions at an energy determined by the
concentration of free carriers. Hence, the a(hw) peak
cannot unequivocally be attributed to the transitions be-
tween the broadened valley-orbit split levels. However,
our results clearly demonstrate the validity of the sugges-
tion by Thomas [11]. In distinction to the previous work
we observe that the absorption shoulder near E persists
even rather deep in the metallic state N =~ 2N,.

Valley-orbit transitions have been observed in Si:P by
Jain et al. performing electronic Raman scattering ex-
periments below the critical concentration N, [17]. In
these experiments it was found that the valley-orbit line
1s(A;) — 1s(E) broadens rapidly with increasing im-
purity concentration and disappears before the metallic
regime is reached. This different behavior compared to
infrared transitions can be understood by taking into
account that the selection rules for optical transitions
differ completely from those for electronic Raman scat-
tering in the dilute limit. At very low doping concen-
trations the donor states are described by hydrogenlike
wave functions with valley-orbit split 1s states and bound
excited states, classified by angular momentum quan-
tum numbers [18]. The selection rules for optical ab-
sorption are obtained by first order perturbation theory,
whereas for electronic Raman scattering second order
terms must be considered. As a result, optical transi-
tions between the split 1s levels are strictly forbidden in
the dilute limit, whereas in Raman scattering the transi-
tion 1s(A;) — 1s(E) is allowed [17]. The disappearance
of the 1s(A4;1) — 1s(FE) valley-orbit line in the Raman
spectrum and the appearance of the optical transitions
between the split 1s levels show that above the critical
concentration N, the hydrogenlike wave functions are no
longer an adequate description of the impurity states.

In principle, a maximum in o(hw) may also occur due
to localization and Coulomb-interaction effects as demon-
strated by Ng et al. in a low-mobility GaAs:Si superlat-
tice [19]. However, since in bulk samples the electronic
mean free path is much longer, such a maximum should
appear in the microwave range, if at all.

Finally, we performed reflection measurements on a
sample with a doping concentration deep inside the
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FIG. 3. Reflectance spectra (solid lines) of a metallic sam-
ple (N = 7.3 x 10'® cm ™2 =~ 2N.) when the impurity band is
still separated from the conduction band and of one deep in
the metallic regime (N = 7.4x 10 cm~3 ~ 20N.) after merg-
ing of the two bands. A Drude fit (dashed lines) describes the
data well only for N =~ 20N,.

metallic regime (N = 7.4 x 10'% ¢cm=2). As already
mentioned there are indications that the impurity band
merges with the conduction band at a doping concentra-
tion N = 3N.. After merging neither interband transi-
tions from the impurity band to the conduction band nor
transitions between the valley-orbit split 1s levels should
be observable, only free-carrier absorption should persist.
Figure 3 shows the reflectance spectrum of this sample
at 10K and that of the N = 7.3 x 1018 cm~3 sample for
comparison, together with a fit describing the pure case
of intraband transition by a Drude model. Only minor
deviations of the reflectance spectrum for N = 7.4 x 1019
cm~3 from the Drude model are observed. Similarly, for
GaAs:Si with N = 6.5N, the absorption spectrum could
be described by a pure Drude response [8]. Our results on
Si:P are in agreement with the observation that transport
properties like the thermoelectric power for this sample
obey perfect free-electron behavior when taking the con-
duction band effective mass and valley degeneracy into
account [20]. In contrast, the reflectance spectrum of
the N = 7.3 x 10'® cm~23 sample where impurity and
conduction bands are still separated shows strong devi-
ations from the pure case of intraband transition near
10 meV due to transitions between the broadened valley-
orbit split levels.

In conclusion, our measurements demonstrate that
the MIT in Si:P occurs in the impurity band which is
formed by overlapping of the phosphorus 1s(A4;)-derived
ground states. Furthermore, they show directly by opti-
cal spectroscopy the persistence of central-cell effects in
the metallic phase of doped semiconductors which was
previously suggested for Ge:Sb from magnetoconductiv-
ity measurements by Rosenbaum et al. [6]. Finally, our
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measurements directly prove that even for N = 7.3 x 108
cm™3 & 2N, transport at low temperatures occurs pre-
dominantly in the impurity band which merges with the
conduction band at doping concentrations deep inside the
metallic regime. No indications of a Mott-Hubbard gap
are seen in our experiments, in agreement with theoreti-
cal predictions [2].
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