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Thermal activation of carriers from a metallic impurity band
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Transport and far-infrared transmission measurements are reported on Si-doped GaAs epitaxial films

(n ~ the Mott density no). The spectra display a 1s ~2@ resonance and a Drude response that persists
to low temperatures. An analysis of the temperature dependence of the spectra gives the activation ener-

gy for thermal excitation of carriers from the metallic impurity band to the conduction band. The
effective mass of the impurity band I; is obtained from optical sum-rule considerations. I; appears to
diverge at the metal-insulator transition. The large I; implies a correlation-induced narrowing of the
impurity band. The activation energy E, and effective mass m; obtained from optical measurements are
consistent with the results obtained from transport measurements. The transmission spectra of Si:P and
planar Si-doped GaAs/Al Ga& As superlattices are also discussed.

Semiconductors doped with shallow impurities under-
go a metal-to-insulator transition at T =0 when the im-
purity density decreases below a critical value no. Be-
cause this phase transition involves both electron correla-
tions and disorder, this phenomenon presents interesting
theoretical problems and the subject has been extensively
studied. ' Despite considerable progress the nature of
the electronic structure of these heavily doped semicon-
ductors is only partially understood. This problem has
taken on new importance with the advent of high-
temperature superconductivity in the layered cuprates.
It is known that the superconductivity in these materials
occurs under conditions that are close to the metal-
insulator transition (MIT). For the case of Si-doped
GaAs recent experiments have produced convincing evi-
dence indicating that near the MIT the conduction takes
place in a metallic impurity band. ' Far-infrared magne-
totransmission measurements on GaAs doped with Si
(n (5no) have demonstrated a resonance associated with
the 1s-2p transition in the donors even when the samples
are metallic as determined by transport measurements.
In this paper we present a detailed study of the tempera-
ture dependence of the optical response of Si-doped
GaAs in zero magnetic field. These data together with
magnetotransport measurements can be consistently in-
terpreted in terms of thermal excitation of carriers from
the metallic impurity band to the conduction band. We
determine the activation energies and impurity band
effective mass as a function of donor density. We also
present data on GaAs doped with planar Si layers and
bulk Si doped with P. Planar-doped GaAs behaves simi-
larly to uniformly doped bulk GaAs but the metallic im-
purity band appears more robust in two dimensions than
in three dimensions. In the case of P-doped Si, there is
no evidence for 1s-2p transitions for n ~ no.

The samples used in this study were 2—3-pm-thick Si-
doped GaAs films grown on semi-insulating GaAs sub-
strates by molecular-beam epitaxy. Transport measure-
ments were made on specimens that were photo-
lithographically patterned into 0.5 X 3-mm Hall bars, and
contacted with annealed indium. Carrier densities, com-
pensations, and mobilities were deduced from low-field
Hall measurements performed at room temperature, 77
and 4.2 K. The densities on several samples were also
checked by CVmeasurements, and the results agreed well
with those of the transport measurements. Measure-
ments of p«, p~~, and p„were made by the ac technique
for temperatures down to 0.36 K and magnetic fields up
to 9.2 T. The critical fields 8, of the magnetic-field-
induced metal-insulator transition were determined by
extrapolating the conductivity o„(8) to zero 'tempera-
ture. Although the weak-field Hall effect was tempera-
ture dependent, for the metallic samples the Hall
coefficient at 4.2 and 300 K were found to be equal to
within the experimental error of =3%. We have also ob-
served and studied the Shubnikov —de Haas effect in p
and p„ for all of the metallic samples.

The far-infrared transmission spectra were measured as
a function of temperature at zero magnetic field using a
Bomem DA3 Fourier-transform infrared spectrometer
with a Si composite bolometer operating at 2 K. The
sample and a reference semi-insulating GaAs substrate
were mounted on apertures in a two-position sample
holder. The sample temperature was measured by a Si
diode thermometer glued on the aperture near the sam-
ple. The sample and reference could be switched into the
IR beam with an externally controlled manipulator.
Both the sample and the reference substrates were
wedged 4' to avoid interference effects in a measured
spectra. The measured quantity is the ratio of the
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transmission of the sample to that of the reference.
Figure 1 shows the transmission spectra of sample 2 at

12 and 82 K measured at zero magnetic field, where the
sample is metallic. The carrier density of this sample is
1.6X 10' cm, which is just above the MIT critical den-
sity no (1.5X10' cm ). The critical field B, of the
metal-insulator transition, deduced from the low-
temperature transport measurements for this sample, is
3.1 T. At 12 K the transmission spectrum is seen to be
dominated by the 1s-2p donor transition. At 82 K, how-
ever, the transmission spectrum displays a free-electron
Drude behavior. Transmission spectra were also mea-
sured at intermediate temperatures. As the temperature
is raised above 12 K the spectra transform continuously
from the 1s-2p line shape to the Drude curve.

We have analyzed these data using a Lorentz oscillator
model conductivity function to fit the transmission spec-
tra
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The first term is a bound-state oscillator used to model
the 1s-2p absorption, and the second term is a Drude
term. The r 's are their linewidths, the f's are the oscil-
lator strengths, n is the carrier density, taken as the
room-temperature Hall density, and m& =0.067mo is the
conduction-band effective mass in GaAs. For isolated
hydrogenic donors, most of the oscillator strength sum
rule is contained in the 1s-2p transition. For simplicity,
and because the other bound-state transition would be
overlapping for the broad lines observed in these spectra,
we consider only one bound-state Lorentzian. Conse-
quently, the sum-rule condition becomes f,~+fD = 1.

The transmission spectra are calculated from the con-
ductivity using the thin-film relation

4n,
T(co, T)=

~n, +1+Zoo(co, T)d
~

where n, =3.53 is the refractive index of the GaAs sub-
strate, d is the film thickness, and Zo is the impedance of
free space.

The free parameters used in the fittings were f, , the
r's (found to be equal to within experimental error), and
coo. The best fits of the transmission spectra to the oscil-
lator model described above are shown in Fig. 1 as solid
curves. For the Drude response dominated spectrum at
82 K, we find f, =0.21 and fD =0.79; and for the ls-2p
dominated spectrum at 12 K, f,&=0.86, fD=0. 14, and
coo =36 cm '. For isolated Si donors in GaAs the
1s —+2p absorption is observed at 34.6 cm

It is interesting to note that the oscillator strength of
the Drude response fD remains finite at low temperature
since the conduction-band carrier density is expected to
be almost zero and nearly all the carriers are in the im-
purity band. Also, the residual fD at low temperatures is
larger for samples with higher carrier densities. For sam-
ple 2, fD =0.14 at 12 K and for sample B (n =2.9 X 10'
cm ), fD =0.25 at 4 K. This observation suggests that
the impurity band produces the Drude component. Con-
sequently, the Drude response has two components in
general, one from the conduction-band carriers and the
other from the impurity band. Therefore, we write the
Drude oscillator strength as

fD(T) = n, (T) mi, n;(T) mb+
n m;

f,p(T) = n, ( T) mi,1—

The first term is the conduction-band contribution, the
second is that of the impurity band. n„n, and m„m;
are the carrier densities and effective masses of the con-
duction band and the impurity band, respectively. We
can simplify this expression by making use of the sum
rule on the conductivity and the low-temperature and
high-temperature limits of o.. At low temperature, we as-
sume n; =n, n, =0. This conclusion is consistent with
the Hall measurements in which the 4.2- and 300-K Hall
coefBcients are equal. From this we deduce that
fD(0)=mi, /m;. Therefore, the Drude oscillator strength
gives a measure of the impurity band effective mass. At
high temperature, where n, =0, n, =n, the sum rule im-

plies that m, =I&. Using these results, we can write
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FIG. 1. The transmission spectra of sample 2 at 12 K (left
panel) and 82 K (right panel). The open circles are the experi-
mental data and solid curves are the best fits to the oscillator
model described in the text.

In order to analyze the temperature dependence of the
oscillator strengths we have modeled the thermal activa-
tion of carriers from the impurity band to the conduction
band which are assumed to be separated by an energy E, .
We use the single impurity level model and forbid double
occupancy. Using this thermal model and the oscillator
strength relations discussed above we have fit the temper-
ature dependence of the oscillator strengths with E, and
m; as fitting parameters.

The temperature dependence of f,„and fD deduced
from the transmission spectra and the results of the mod-
el fitting are shown in Fig. 2 for sample 3 and sample B.
The model is seen to provide an excellent representation
of the data. Also shown in the figure, for comparison, is
the calculated oscillator strengths using the same activa-
tion energies but dropping the impurity band Drude con-
tribution (m, = oo ).
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FIG. 2. The temperature dependence of the oscillator
strength f,~ and fD deduced from the transmission spectra of
sample A. The solid circles and open triangles are the data
points. The solid curves are the best-fit curves to the thermal
activation model described in the text. The parameters of the
fits are m; =9.5mb and E, =4. 1 meV for sample
(n =1.6X10' cm j and m;=4mb and E; =1.8 meV for sample
B (2.9X10' cm '). The dashed curves are the calculated re-
sults taking m; = ~ (ignoring the impurity band Drude term).

To analyze the resistivity and Hall coefficient data for n, ,

n„p, , and p, we can use the relation n,. +n, = n but to
obtain a unique solution we need another relation. If we
assume p;(T)=p;(0), we can perform the analysis and
determine E, for samples with different densities. The re-
sults of this analysis are shown in Fig. 3. Alternatively,
we could assume that ~; =~, as found in the optical data.
The resulting values obtained for E, do not differ appre-
ciably. Neither assumption can be justified; however,
they demonstrate that E, is not very sensitive to p, . In
the literature the transport data in this range of densities
have been discussed in terms of a temperature-dependent
Hall factor. The optical data and the analysis presented
here demonstrate that the thermal activation from the
impurity band to the conduction band cannot be ignored
in this density range. If a Hall factor is used in our
analysis the E, values resulting from the thermal model
will decrease, approaching the optical values. We con-
clude from this analysis that the transport data and the
optical data are consistent.

The large m; observed in samples doped close to the
MIT implies a narrow impurity bandwidth W. From the
tight-binding theory we can express 8'as
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FIG. 3. Right panel: The effective mass of the metallic im-

purity band relative to the conduction-band mass

(mb =0.067mo) vs carrier density. In both panels the open cir-
cles are data obtained from transport measurements and the
solid points are obtained from the optical experiments. Left
panel: The activation energy as functions of carrier density.
The solid line is the isolated donor ionization energy, 5.8 rneV.

It is interesting to compare these results with the re-
sults from dc transport studies. First we note that
o.(n~=0) deduced from the fits agree with the measured
value of the 4.2-K dc conductivity to within experimental
error (+30%). At low temperatures we have observed a
Shubnikov —de Hans (SdH) effect in both p„„and p„ in
these metallic samples. In an earlier publication we re-
ported the analysis of the SdH measurements made at
temperatures down to 0.36 K for the effective mass. The
results are reproduced in Fig. 3 together with the results
deduced from the optical data. The good agreement fur-
ther supports the idea of the metallic impurity band in
this system. We can also analyze the weak-field magneto-
transport in terms of the thermal model presented above.

mb
2z

2mba' m,

where a is the lattice constant, which we take as the mean
interdonor spacing, and z is the number of nearest neigh-
bors for which we take the close-packed lattice value of
6.' For m, /mb =10, corresponding to sample 2, Eq. (1)
gives 8'—= 1 meV. This implies that the impurity band-
width is smaller than the activation energy E, which in-
dicates that the metallic conduction is associated with the
lower Hubbard band. On the other hand, this deduced
value for 8' is considerably smaller than that predicted
by estimating the tight-binding matrix elements. From
this observation we suggest that correlation effects may
narrow the impurity band.

The picture that emerges from these results is as fol-
lows. For n &no the far-IR spectrum is dominated by
the 1s —+2p transition and the intraimpurity band contri-
bution is small (a small photon-induced hopping contri-
bution is also expected). Therefore, mb/m; ~0. Also the
dc conductivity has an activation energy close to the iso-
lated Rydberg energy. When n exceeds no the interaction
with the donor ions lowers the conduction-band edge and
the overlap of the donor wave functions leads to the for-
mation of a band of delocalized states in the (lower Hub-
bard) impurity band. For n =-no the impurity band is
narrow leading to a large impurity band efFective mass.
As n increases above no the impurity band broadens and
merges with the conduction band and the 1s —+2p transi-
tion becomes indistinguishable from the Drude response
for n ~ 5no so that mb/m; ~1.

We have also investigated impurity band effects in
several other semiconductor systems —molecular-beam-
epitaxy-grown CxaAs doped with a superlattice of Si
planes and bulk Si doped with P. The planar Si superlat-
tice in the GaAs sample has 200 layers with period 64 A
and thickness 11 A. The Si doping is n = 8 X 10'
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FIG. 4. The transmission spectra at 2.2 K for two other sys-
tems. The points are experimental data and solid curves are the
best fits using the oscillator model described in the text. C and
D are Si superlattice doped GaAs samples. The Drude oscilla-
tor strengths are 0.09 and 0.30, suggesting enhanced effective
masses of 10mo and 3.3mo, respectively. E (insulating) and I'
are bulk P-doped Si samples with densities n =0.Sno and
n=1.01no. A valley-orbit oscillator term at 100 cm ' was in-
cluded in the analysis. The Drude strength in both samples was
found to be less than the fitting error of -=2%%uo.

cm /layer for sample C and n =2.5X10" cm /layer
for sample D. The 2.2-K transmission spectra of several
of these samples is shown in Fig. 4. We have analyzed
these data using the same model that we employed on the
uniformly doped GaAs epitaxial films. The best fits are
shown in the figure as solid lines. The Drude oscillator
strengths are fD =0.09 for sample C and fD=0.30 for
sample D corresponding to enhanced effective masses
m; = 10mb for sample C and m; =3.3mb for sample D. If
these are interpreted as three-dimensional systems, it ap-
pears that the impurity band persists to higher density
(n —=4 X 10' cm ) than was found for the uniformly
doped GaAs samples. Measurements on samples with
larger periods a (a —= 1200 A) give similar results.
Therefore, the impurity band appears to be more robust
in two dimensions (2D) than in 3D.

In the case of P-doped Si we have studied one insulat-
ing sample E (n =0.5n, ) and one metallic sample I' with
the donor density slightly higher than the critical density
(n = 1.01n, ).' For the insulating sample the spectrum is
dominated by the broadened 1s-2p transition and there is
no evidence of a Drude component. The spectra for the
metallic sample cannot be well represented using only a
Drude and a 1s-2p oscillator in the fitting. There is only a
very small ls-2p component (6%) and most of the oscilla-
tor strength seems to have been shifted to =-100 cm
This energy corresponds to the valley-orbit splitting in Si
donors. The valley-orbit transition is not dipole active
for isolated donors, however it is Raman active. In Ra-
man measurements is has been observed to persist to
slightly above n, ." The observed shift of the IR oscilla-
tor strength suggests that at these high donor densities,
wave-function overlap has broken the isolated donor
selection rule and enhanced the valley-orbit transition at
the expense of the 1s-2p transition. Therefore, we used a
three-oscillator model to fit the optical data. We take a
Drude term, one oscillator at 320 cm ' to model the 1s-
2p transition and one at 100 cm ' to model the valley-
orbit transition. The best-fit curve is shown in Fig. 4.
The resulting oscillator strengths are f, =0.05,
f„,=0.93, fD —=0.02 (m, ~ 50mb). The Drude com-
ponent is at the limit of our fitting error; +0.02. This re-
sult is consistent with our GaAs results in which the
effective mass appears to diverge and the Drude oscillator
strength vanishes at n, . Another possibility, however, is
that the spectrum has a broad Drude-like absorption that
deviates at low frequencies because of localization or
Coulomb gap effects near the Fermi energy. The solid
conclusion that we can make is that the 1s-2p oscillator
strength in this multiple-valley semiconductor collapses
much sooner (n =n, ) compared with the single-valley
GaAs system (n =5n, ). —
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