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Electron transport of photoexcited single-crystal sapphire (a-Al,O3) is characterized by terahertz
time-domain spectroscopy. The complex conductivity displays a Drude-type frequency dependence,
which yields carrier scattering rates and densities. Carrier scattering is dominated by interactions with
acoustical and optical phonons at low and high temperatures, respectively, and follows Matthiessen’s
law over the measured temperature range of 40-350 K. The results, including low-temperature
mobilities > 10000 cm?/V's, are compatible with a large-polaron description of the conduction

electrons.
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The nature of charge transport in normally insulating
solids is a subject of considerable practical and funda-
mental importance. With respect to the former motiva-
tion, charge transport in excited insulators plays a key
role in devices as varied as detectors of ionizing radiation
and solar cells. Charge transport also controls electrical
and optical breakdown phenomena in insulating mate-
rials, properties that often define their utility in electronic
and laser applications. On the fundamental side, there is
inherent interest in being able to examine the properties
of charge carriers in materials with wide band gaps, just
as has been done comprehensively in metals and semi-
conductors where mobile charge carriers are already
present or may be introduced by doping. Of particular
significance is the role of polaronic effects in ionic in-
sulators. Because of the strong interaction between con-
duction electrons and phonons in such polar materials,
charge carriers are surrounded by a cloud of virtual
phonons. In the strong coupling limit, this leads to the
formation of small polarons and carrier localization
through self-trapping. For weaker coupling, the charge
carriers form large polarons, quasiparticles that remain
mobile but exhibit an enhanced effective mass m™ as they
travel through the solid. As an early example of the
application of quantum field theory to condensed matter
physics [1], this problem has attracted much theoretical
attention [1-7] and, accordingly, many models of polar-
onic transport have been developed under differing
approximations.

In view of these diverse motivations, one might expect
there to be a large body of reliable experimental data on
basic properties of carrier transport in insulators. That
this is not the case reflects the experimental challenges
in performing such measurements. Unlike metals and
semiconductors, charge carriers are typically present
only under nonequilibrium conditions. Conventional ap-
proaches to examine charge transport processes are fur-
ther impeded by the difficulty in making electrical
contacts to insulators and the short lifetime of the carriers
prior to trapping or recombination. One approach to over-
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come these difficulties is the use of optical pump/probe
measurements. Such studies can provide exceptional time
resolution and valuable information on the temporal evo-
Iution of the carrier energy distribution. They do not
generally provide a direct link to transport properties
as manifested in the conductivity of the material. From
this perspective, terahertz time-domain spectroscopy
(THz TDS) [8], combined with ultrafast optical excita-
tion, offers a powerful probe of charge transport and
ultrafast carrier dynamics in condensed matter [9,10].
The technique provides an accurate determination of
the complex conductivity of the sample over the THz
frequency range. The pulsed nature of the THz radiation
allows one to probe short-lived carriers and to examine
the corresponding temporal evolution of the conductivity.

In this Letter, we describe the application of THz TDS
with ultrafast optical pumping to examine charge trans-
port in an insulating solid. As a prototype of a well-
characterized material with significant applications in
electronics and optics, we have chosen single-crystal
sapphire (a-Al,O3). Although there has been considerable
effort studying this material system [11-14] and there is
agreement that electrons dominate charge transport, the
reported mobilities at room temperature range from 0.05
[13] to 90 cm?/V s [14]. The uncertainties reflect compli-
cations arising from the short carrier lifetimes, the nature
of electrical contacts to sapphire, and the influence of
shallow trap states [15]. We report here measurements of
the photoinduced high-frequency complex conductivity
of sapphire over a broad range of temperatures (40—
350 K). We show that this transient conductivity can be
adequately described by the Drude model at all tempera-
tures, thus permitting us to extract the electron scattering
rate. The temperature dependence of the scattering rate
can be understood in terms of contributions from acous-
tical and longitudinal optical (LO) phonons. A compar-
ison of the experimental findings with large-polaron
theories allows us to estimate parameters characterizing
electron-phonon interactions, as well as to examine
distinctions among the various theoretical models. Our

© 2003 The American Physical Society 247401-1



VOLUME 90, NUMBER 24

PHYSICAL REVIEW LETTERS

week ending
20 JUNE 2003

results show that the electron mobility in high-purity
sapphire (with m* = 0.30m,) can be as high as
600 cm?/V s at room temperature and that the mobility
increases sharply with decreasing temperature. At 40 K,
the electron mobility exceeds 10000 cm?/V's, a value
normally associated with high-mobility semiconductors.

The experimental apparatus and procedure are similar
to those used in an earlier measurement [9]. The laser
source is an amplified, mode-locked Ti:sapphire system,
which provides pulses of approximately 100-fs duration at
a wavelength of 810 nm and a repetition rate of 1 kHz.
Charge carriers in sapphire, with its band gap of E, =
8.7 eV [16], are created through a two-photon absorption
process by the third harmonic of the Ti:sapphire laser.
The pump-induced changes of the material are probed by
THz pulses introduced at a suitable delay time. The THz
probe pulses are generated and detected, respectively, by
optical rectification and electro-optic sampling of the
femtosecond laser pulses in ZnTe crystals. The sapphire
sample was a high-purity substrate (impurity level
<30 ppm) of 0.5 mm thickness. Most of the experiments
were carried out with the THz electric field perpendicular
to the ¢ axis of the sapphire crystal.

In the measurements, we recorded the electric-field
waveform E(¢) of THz pulses transmitted through the
unexcited sapphire crystal and the pump-induced change
in the THz waveform, AE(r). A delay of several pico-
seconds after pump excitation was chosen to ensure that
any hot carrier effects had abated, but that carrier density
had not decreased significantly. Figure 1 illustrates rep-
resentative waveforms of E(¢) and A E(¢) measured for the
sample at room temperature. We extracted the pump-
induced complex conductivity, o(v) = o'(v) + ic"(v),
as a function of the frequency v through Fourier trans-
formation of the recorded waveform of E(¢) and AE(z).
The analysis was performed within an approximation of
quasi-steady-state material response according to the
procedure presented previously in [9].
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FIG. 1. Top panel: the transmitted THz electric-field wave-
form E(¢) in sapphire; Bottom panel: pump-induced change in
the THz waveform AE(¢) (dots) at room temperature and a fit to
the Drude model (solid curve). The pump fluence was 3 J/m?
and the pump-probe time delay was 5 ps.
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The corresponding frequency-dependent conductivity,
o(v) = o'(v) + io"(v), is shown in Fig. 2. The experi-
mental results (dots) are found to be compatible with
simple Drude behavior of o(v) = w3/(y, — i2@v),
shown as solid lines. Here vy, denotes the electron scatter-
ing rate, and w, = [ne?/(gom*)]"/? is the plasma fre-
quency, which is related to the electron effective mass
(m™), the density of conduction electrons (n), and the
permittivity of free space (gg). The fit to the Drude model
(solid lines in Figs. 1 and 2) is satisfactory, particularly
given the fact that the single adjustable parameter 7,
determines both the shape and relative amplitude of the
two functions ¢’(v) and o”(v). The corresponding fit to
the time-domain data is shown in Fig. 1. We note that to
experimental accuracy, there appears to be no need to
include the hole contribution to the conductivity, as ex-
pected from previous x-ray and Hall studies [11-14], as
well as from the large predicted hole mass [17]. From the
fitting procedure, we obtain a room-temperature scatter-
ing rate of vy, = (95 fs)”! and a plasma frequency of
w, = 27 X 0.15 THz. These parameters are similar for
the THz electric field both perpendicular and parallel to
the ¢ axis, and we conclude that the possible anisotropy in
the conductivity tensor of sapphire is modest. In an earlier
THz measurement by Haran er al [18] under different
excitation conditions, changes in the THz transmission in
sapphire were also observed but were ascribed to the
contribution of phonons.

We have further investigated the nature of the
charge transport by examining the dependence of the
conductivity on carrier density and sample temperature.
The carrier density can be controlled experimentally by
varying the pump fluence. A quadratic variation of the
carrier density with pump fluence was observed, as ex-
pected for a two-photon excitation process. Beyond this
effect, however, the conductivity remained Drude-like
in form and showed no significant variation of the
scattering rate with carrier density. This indicates that
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FIG. 2. Frequency dependence of the real (¢') and the imagi-
nary part (¢”) of the pump-induced complex conductivity
(dots) of sapphire at room temperature. The solid curves
represent a fit to the Drude model.
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carrier-carrier scattering is negligible under the experi-
mental excitation conditions, as expected for the rela-
tively low carrier concentrations of n ~ 10'2-10'* ¢m ™3
under consideration.

With decreasing sample temperature the conductivity
also retained its Drude form, but exhibited a sharply
reduced scattering rate. As shown in Fig. 3, the scattering
rate drops from 7y, = (95 fs)~! at room temperature to
Yo = (5 ps)~! at 40 K, a decrease by a factor of ~50. An
examination of the temperature dependence of 7y, reveals
an activated behavior at high temperatures (7' > 200 K)
and a weaker variation at low temperatures 7 < 200 K).
These features are characteristic of LO-phonon and
acoustic phonon scattering, respectively. To describe the
total scattering rate, we sum over all phonon modes using
Mathiessen’s law [19]:

Y0 = Yae(T) + D Y1 o(T) + Yinp(T), (1)

where y,. and Y ], are, respectively, the scattering
rates from acoustic phonons and the sum of all LO-pho-
non modes. In Eq. (1) we have also included a term y;p,
representing scattering from impurities and defects,
which was found to be negligible for high-purity samples
in our temperature range.

Under the effective mass approximation, the acoustic
phonon scattering rate is [20]

3

382 m* /2
Yae(T) = =& p (KT)2. )

2(27)1/26'1'1'

In this expression, m™ is the effective or polaron mass of
the electron, which includes both the effect of the band
structure and the mass enhancement from electron inter-
action with LO phonons. c¢;; = 5 X 10'2 dyn/cm? [21]
denotes the elastic constant, and g4, denotes the electron
deformation potential. This latter quantity, defined as the
energy shift of the conduction band per unit dilation, is a
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FIG. 3. Temperature dependence of the scattering rate in
high-purity sapphire (squares). The solid line is a fit to a
transport model that includes LO-phonon and acoustic phonon
scattering, as described in the text. The dashed line shows the
acoustic phonon contribution. At the temperatures above that
denoted by the dotted line, LO-phonon scattering dominates.
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good measure of the electron-acoustic phonon coupling.
Neither m* nor g4 has been previously measured in
sapphire.
As for the LO-phonon scattering, we use the results of
Low and Pines [2]:
e—ﬁwx/kT. (3)

vio = ( Flay)

Here m is the electron band mass, w; is the frequency of
the LO phonon of mode s, and «; is the corresponding
dimensionless electron-LO phonon coupling parameter.
For moderate coupling (a, < 6), the polaron mass m"*
and the electron band mass m are related by m* = (1 +
3,a,/6)m, and f(a,) = 1. The LO-phonon frequencies
and their coupling to electrons can be obtained from
analysis of infrared spectra, since they determine the
dielectric function of the material e(w) [22]:
1 1 h (2hw \1/?2  w?
(o)  elw) gas ez< m ) w? 2. @

s W

m* \22a,w;
m

From the infrared spectra of Schubert et al [23], we
obtained the values for w, and «,/(m/my)"/? indicated
in Table 1. Several observations may be made with refer-
ence to Table I. First, given the values of the coupling
strength a,/(m/mg)'/? and assuming that the band mass
m does not substantially exceed the free electron mass m
[17], we are indeed in the limit of large polarons ( a, <
6). Second, for each of the two distinct crystallographic
directions (|| or L to the ¢ axis), there is just one
dominant phonon mode with fw, = 110 meV = kg
1280 K. Given the relatively high energy of these modes,
this interaction will be frozen out in the lower tempera-
ture range, in accordance with Fig. 3. Third, since the
energies and couplings of the dominant phonon modes
are similar along both directions, we would not expect
strong anisotropy in the conductivity, in accordance with
the experimental observations described above.

By combining Egs. (1)—(3) and using the values for w
and a,/(m/mg)"/? from Table I, we are able to reproduce
the temperature dependence of the scattering rate quite
satisfactorily, as indicated in Fig. 3. The fit involves just
two free parameters: the deformation potential, &4, and
the electron band mass, m. We obtain g4 = 19 eV and
m = 0.25m, (or, equivalently, m* = 0.3m,). These values
are in fair agreement with the theoretical values from
total-energy [24] and band structure [17] calculations. If
we examine other theories of charge transport by large

TABLE I.  Electron-optical phonon coupling parameters for
different LO phonon modes of sapphire as deduced from the
infrared transmission data of Schubert et al. [23].

LO phonon E, (E || c axis) A,, (E L c axis)
hw; (meV) 109 63.3 112 | 78.1 59.7 | 48
a,/(m/m)2 | 205 | 028 |229 0012|0136 0.034
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polarons, we generally find the same exponential tem-
perature dependence from thermal excitation of optical
phonons. Most models are thus compatible with the ex-
perimental shape of yy(T). The fits require, however,
quite different values for the deformation potential and
electron band mass m. For example, the models of
Kadanoff [6] and Garcia-Moliner [5] require, respec-
tively, values of g4 = 13 and 14 eV, and m = 0.44m,,
and 0.38m,. It would be desirable to have an independent
experimental determination of the electron mass (such as
a cyclotron resonance measurement), which would allow
a definite conclusion about the accuracy of different po-
laron transport models.

It is also appropriate to add a few words about the
Drude-like form of the frequency-dependent conductivity
o(v) that has been measured experimentally. Given the
strong electron-phonon interactions in our system, is this
simple result compatible with theoretical expectations for
transport by large polarons? In fact, within the quasipar-
ticle picture of polarons, the dressed electrons are scat-
tered only by residual interactions with thermally excited
phonons; they behave much like conventional carriers in a
solid, but with a renormalized mass of m*. While this
description clearly breaks down when the system is
probed at frequencies approaching those of the dressing
LO phonons, at lower frequencies we would expect o(v)
to show the Drude-like behavior generally exhibited by
band electrons. The frequency dependence of polaronic
conductivity has in fact been considered explicitly in
variational calculations of polaron transport by
Feynman et al. [7]. In the experimentally relevant limit
of low frequency and low temperature compared to the
optical phonon frequency, the observed Drude conductiv-
ity is indeed predicted.

The scattering rate 7y, also determines the electron
mobility w, through the relation w, = e/(m*y,). To
evaluate this expression, we use the effective mass of
m* = 0.3m, inferred above. At room temperature, we
obtain u, = 600 cm?/Vs. At lower temperatures, u,
rises rapidly, reaching as high as 30000 cm?/Vs at
40 K. This sharp increase reflects the complete freezing
out of the LO phonons and the reduced interaction with
acoustic phonons. Mobilities in this range are commonly
associated with high-purity semiconductors, but, as is
clear from the discussion above, can also be expected
in wide-gap materials having sufficiently low defect
densities.

In summary, we have measured the frequency-depen-
dent complex conductivity of electrons in sapphire over a
temperature range of 40—300 K by means of THz time-
domain spectroscopy. The frequency dependence of the
conductivity is found to correspond to that predicted by
the Drude model. The temperature dependence of the
inferred scattering rates agrees with Matthiessen’s law
and is compatible with large-polaron theory, particularly
that of Low and Pines [2]. While the specific results
reported here reflect the properties of sapphire, both the
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experimental method of THz TDS and the conclusion of
the possibility of achieving high carrier mobilities at low
temperatures should be broadly applicable to other wide-
gap crystalline solids.
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