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Abstract — We have measured the low-field magnetoresistances of a series of Sn-doped indium
oxide thick films in the temperature T range of 4-35K. The electron dephasing rate 1/7, as a
function of T for each film was extracted by comparing the magnetoresistance data with the three-
dimensional weak-localization theoretical predictions. We found that the extracted 1/7, varies
linearly with T3/2. Furthermore, at a given T', 1/7, varies linearly with k;f’/ 23/ 2 where kr is
the Fermi wave number, and [ is the electron elastic mean free path. These features are well ex-
plained in terms of the small-energy-transfer electron-electron scattering time in three-dimensional
disordered conductors. This electron dephasing mechanism dominates over the electron-phonon
scattering process because the carrier concentrations in our films are ~ 3 orders of magnitude
lower than those in typical metals, which resulted in a greatly suppressed electron-phonon relax-
ation rate. Our result is the first quantitative demonstration of this unique three-dimensional

electron-electron scattering time in experiments.

Copyright © EPLA, 2013

The problem of the electron dephasing processes in
disordered conductors has long been of fundamental im-
portance and great interest. In general, the responsible
electron dephasing mechanisms are determined by the sys-
tem dimensionality, the level of disorder, and the mea-
surement temperature 7' [1-3]. In three-dimensional (3D)
weakly disordered metals, electron-phonon (e-ph) scat-
tering is often the dominant dephasing mechanism [3-5].
While in lower dimensions, electron-electron (e-e) scat-
tering is the major dephasing process, which gives rise to
a phase relaxation rate of 1/7.. o< T in two dimensions
(2D) [1,3,6] and 1/7.. &< T?/3 in one dimension [1,3,7]. In
1974, Schmid had already theoretically investigated the
possible influence of disorder on the e-e scattering in 3D
conductors [8]. He found that the diffusive electron dy-
namics should enhance the scattering strength, and thus
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the total e-e scattering rate could be written as [8]

1 _m(ksT)’ V3 (kBT 3/2
ovEp \ kpl )

Tee N 8 hEF
where kp is the Boltzmann constant, Er (kp) is the
Fermi energy (wave number), i is the Planck constant
divided by 27, and [ is the electron elastic mean free path.
A similar expression has also been derived by Altshuler
and Aronov [9]. The first term on the right-hand side
of eq. (1) is the e-e scattering rate in a perfect, peri-
odic potential, while the second term is the enhanced
contribution due to the introduction of imperfections (de-
fects, impurities, etc.). Microscopically, the second term
stands for the small-energy-transfer e-e scattering process
and is responsible at kT < h/7., while the first term
represents the large-energy-transfer process and would
dominate at kT > h/7., where 7, is the electron elas-
tic mean free time [9,10]. As mentioned, the scattering
rate predicated in eq. (1) is much weaker than the e-ph
scattering rate in typical 3D disordered metals. Thus,

(1)
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Table 1: Parameters for four representative ITO thick films. Po, and T are the percentage of oxygen and substrate temperature,
respectively, during deposition, p is resistivity, n is carrier concentration, and D is diffusion constant. 1/ Tg and A.. are defined
in eq. (3). AL is the theoretical e-e scattering strength predicted by the second term of eq. (1).

Film Py, T, thickness p(10K) n(10K)  D(10K) kpl 1/78 Ace Ath
(%)  (K) (um) (mQ cm)  (10%2° em™3)  (cm?/s) (10 s~ (K=3/2571) (K=3/2s71)
1 08 670 1.39 1.93 2.3 1.3 3.3 1.6 2.3 x 108 2.9 x 108
2 1.0 630 1.20 2.98 1.7 0.92 2.4 3.3 2.8 x 10% 5.4 x 10°
3 1.2 72 1.45 1.88 3.4 1.2 3.0 2.8 2.1 x 10% 6.7 x 10°
4 40 670 1.35 2.49 2.0 1.0 2.7 2.4 2.5 x 108 4.2 x 108

the prediction of eq. (1) has not been fully experimen-
tally tested thus far, although a qualitative (but not
quantitative) T3/2 temperature dependence of 1 /Tee has
occasionally been reported in the literature [11-14]. To
provide a convincing test of the validity of the second
term of eq. (1), in addition to the temperature depen-
dence 1/7ee T3/ 2 the variation on carrier concentration
(kr) and disorder (1), i.e., 1/7ce k;S/Ql_Sm, is of critical
importance.

Tin-doped indium oxide (ITO) is the most widely used
transparent conducting oxide in current optoelectronic de-
vices. In terms of the advantages for fundamental studies,
the ITO material is a highly degenerate semiconductor,
which possesses a unique “free-electron—like” energy band
structure [15-18]. Furthermore, the electron concentra-
tions, n, are ~ 2 to 3 orders of magnitude lower than those
in typical metals, and essentially independent of temper-
ature [18-21]. Recently, Wu and coworkers have studied
the electron dephasing processes in 2D ITO thin films [22].
They found that the e-e scattering dominated the dephas-
ing in a wide 7" range from liquid-helium temperatures up
to nearly 100 K. In 3D disordered conductors, we notice
that the e-ph relaxation rate, 1/7.pn, scales essentially
linearly with n (refs. [4], [22], and [23]), while the second
term in eq. (1) predicts 1/7. o E;l/zkgg/Q. Approx-
imately, we may write 1/7.. k;s/Q x 1/n and esti-
mate the relative dephasing strength to vary roughly as
(1/7ee)/(1/Tepn) o< 1/n2. In other words, one can expect
the e-e scattering to dominate the total dephasing in those
3D systems having sufficiently low values of n. Indeed, as
to be shown in this paper, ITO thick films fulfill this crite-
rion and can be used to manifest the small-energy-transfer
e-e scattering rate predicted in eq. (1). Moreover, since
ITO possesses free-electron—like characteristics as afore-
mentioned, the relevant parameters (Er, kg, [, etc.) can
be faithfully evaluated through electrical-transport mea-
surements. The theoretical evaluation of eq. (1) can thus
be known to a high degree of accuracy. In this paper,
we report our experimental confirmation for the numeri-
cal prediction of eq. (1), by studying a series of ITO thick
films in a wide 7" range of 4-35K. Our ITO thick films
have values of n ~ 2x10%° cm~3 (see table 1), as compared
with n ~ 1 x 1023 cm ™2 in typical metals [24].

Our ITO thick films were deposited on glass substrates
by the standard rf sputtering method. A commercial Sn-
doped Iny O3 target (99.99% purity, the atomic ratio of Sn
to In being 1 : 9) was used as the sputtering source. The
base pressure of the vacuum chamber was 8 x 107° Pa,
and the sputtering deposition was carried out in a mix-
ture of argon and oxygen (99.999% purity) atmosphere
with a pressure of 0.6 Pa. During the deposition process,
the percentage of oxygen Po,, together with the substrate
temperature T, was varied to “tune” the carrier (electron)
concentration and the amount of disorder. T'wo series of
ITO thick films were fabricated. In the first series, Tk
was fixed at 630, 650, 670, 690, or 720K; and for each
Ts, Po, was kept at 0.8%, 1.0%, or 1.2%. In the second
series, Ts was fixed at 670K, and Pp, was kept at 1.4%,
1.8%, 2.0%, or 4.0%. Altogether, 19 samples with differ-
ent amounts of disorder and carrier concentrations were
deposited. Hall-bar-shaped samples (1 mm wide and 1cm
long) were defined by using mechanical masks [19,22] and
used for electrical-transport measurements.

The thicknesses of the films were determined by a sur-
face profiler (Dektak, 6M). The films were all at least 1 ym
thick to ensure that they were 3D with respect to the
weak-localization (WL) and e-e interaction effects. The
structures of the films were determined by a Rigaku X-
ray diffractometer (D/max-2500v/pc) with Cu K, radi-
ation. The measurements indicated that the films were
single phased with a cubic bixbyite structure characteris-
tic to that of the undoped InyO3. The observed strongest
and second strongest diffraction peaks corresponded to the
(400) and the (800) planes, respectively. The intensities
of other diffraction peaks were less than one thirtieth that
of the (400) peak. Thus, the preferred growth orientation
was along the [100] direction. The low-magnetic-field mag-
netoresistances (MRs) were measured on a physical prop-
erty measurement system (PPMS-6000, Quantum Design)
by using the standard four-probe technique. The magnetic
fields were always applied perpendicular to the film plane.
Hall effect measurements were also performed to deter-
mine the values of n.

Figure 1 shows the measured normalized magnetoresis-
tivities, Ap(B)/p2(0) = [p(B) — p(0)]/p*(0), as a func-
tion of magnetic field B at several temperatures for two
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Aplp(0) (@' m™)

0.0 0.1 0.2 0.3
B(T)
Fig. 1: (Color online) Normalized magnetoresistivity

Ap(B)/p*(0) as a function of the magnetic field at several tem-
peratures for two ITO thick films, as indicated. The magnetic
field was applied perpendicular to the film plane. The solid
curves are least-squares fits to eq. (2).

representative ITO films, as indicated. Note that all the
other films revealed similar behavior. The MRs are neg-
ative at all temperatures and their magnitudes decrease
with increasing T'. In our films, we evaluate the product
kprl =~ 1.7-3.5, and thus the WL effect must be relatively
pronounced. The MR in the 3D WL effect is predicted to
be [25] (with the function f3 defined in refs. [26,27]),

2

e @ FBIL (B) 5, (BY)

p2(0) 2m2h VR |2 B, 2 By
where BLP = Bi + BO and BQ = Bi + Bo/3 +4Bso/3 =
B, + 4B}, /3. The characteristic field B; is related to
the characteristic scattering time 7; through the relation
B; = h/4eDT;, where j =1, so and 0 refer to the inelastic,
spin-orbit, and T-independent scattering times, e is the
elementary charge, and D is the diffusion constant.

Our MR data are least-squares fitted to eq. (2). We
found that, in all films, B} is ~ 2 orders of magnitude
smaller than B, (4K). That is, effectively, B}, may be
set to zero and B, becomes the sole adjustable parame-
ter. Indeed, the negative MRs at all measurement temper-
atures already suggest that the spin-orbit scattering must
be negligibly weak. The solid curves in fig. 1 represent
the theoretical predications of eq. (2). Clearly, the MR
data can be well described by the WL theory. We obtain
the electron dephasing length L, = /D7, at 4K varying
from ~ 110 to ~ 190 nm in our films. Thus, our thick films
are 3D with regard to the WL effect.

Figure 2 plots our extracted electron dephasing rate
1/7, as a function of T%/? for four representative films,
as indicated. Note that the product kpl ~ 1.7-3.5 in our
films, and hence the first term in eq. (1) is irrelevant in

the following discussion'. Inspection of fig. 2 indicates

IThe typical Fermi energy in our ITO thick films is Ef ~ 0.6eV.
This value of Er leads to a clean-limit e-e scattering rate of &~ 5 X
1072s~! (T in K) according to eq. (1). This scattering rate is

g —

0‘0 1 | 1 | 1 | 1 |
100 150 200

T3/2 (K3/2)

Fig. 2: (Color online) Electron dephasing rate 1/7, as a func-
tion of temperature for four I'TO thick films, as indicated. The
solid curves are least-squares fits to eq. (3).

that 1/7, varies linearly with T3/% in the wide measure-
ment temperature range of 4-35 K. We compare our 1/7,
data to the following expression:

1 1

= = S+ AT,
Ty Ttp

3)

where the first term on the right-hand side stands
for a T-independent (or weakly T-dependent) contribu-
tion [28-30] and the second term stands for the 3D small-
energy-transfer e-e scattering rate. Our least-squares
fitted values of 1 /Tg and A.. are listed in table 1. Also
listed in table 1 are the corresponding theoretical values
A = (\/3/2h/EFr)(kp/krl)3/2. Inspection of table 1 in-
dicates that our experimental values of A.. are within a
factor of ~ 3 of A", This degree of agreement is satis-
factory. A similar degree of agreement was found for all
the other films studied in this work. We mention that, in
this study, we have intentionally focused on T" > 4K to
minimize the influence of 1/77 on extracting Ace.

Figure 3 shows a plot of the variation of our extracted
1/7, with 161;5/21_3/2 at two representative T' values, as
indicated. This figure clearly reveals a linear variation, as
it should be according to the second term of eq. (1). Our
least-squares fits give slopes of ~ 1.2x 10 m~ s~ at 5K
and ~ 3.7 x 101 m~'s~! at 15K. The theoretical slope
can be expressed as (1.22v/m*/h?)(kpT)%/? in the free-
electron model, where the effective mass m* = 0.4m (m
being the free-electron mass) [20]. We calculate the theo-
retical slopes to be ~ 3.8 x 10*” and ~ 2.0 x 10*m~!s~!
at 5 and 15K, respectively. These values agree with the
experimental values to within a factor of ~ 5. Thus, in

about one order of magnitude smaller than the second term even at
T =35K.
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Fig. 3: (Color online) Electron dephasing rate 1/7, as a func-
tion of k;5/2l_3/2 at 5 and 15K, as indicated. The solid lines
are linear fits to the experimental data.

addition to the temperature dependence, our 1/7, data
concerning the carrier concentration (kp) and disorder
(1) dependence fully support the Schmid-Altshuler-Aronov
theory of 3D small-energy-transfer e-e scattering time in
disordered conductors [8,9].

Finally, we estimate the e-ph relaxation rate in our
ITO thick films. It has recently been established that
the electron scattering by transverse vibrations of de-
fects dominate the e-ph relaxation in the quasiballistic
limit of ¢pl > 1, where gqp is the wave number of a
thermal phonon [4,23]. The relaxation rate is predicted
to be [23,31] 1/Terpn = 3m2k%6:1%/[(prput)(prl)] =
A pnT? where 8y = (2Ep/3)*?N(Er)/(2pmui) is the
electron-transverse phonon coupling constant, pp is the
Fermi momentum, wu; is the transverse sound velocity,
pm 1s the mass density, and N(FEr) is the electronic
density of states at the Fermi level. In the ITO ma-
terial, u; &~ 2400m/s, [32] and the typical values of [
in our films are ~ 1.5nm. We evaluate the product
grl =~ kgTl/huy = 0.09T, where T is in K. Thus, above
about 10K, our films lie in the quasiballistic limit. Sub-
stituting p,, ~ 7100kg/m® (ref. [32]) and the relevant
electronic parameters into this equation, we obtain the
coupling strength Ae¢ pn ~ 4 x 10K~2s~!. Thus, 1/Te-ph
is still about one order of magnitude smaller than 1/7..
even at T'= 35K. The smallness of 1/7,p, in ITO makes
feasible our experimental observation of the 3D small-
energy-transfer e-e scattering time in the wide 7' range
of 4-35K.

In conclusion, we have investigated the electron de-
phasing mechanisms in ITO thick films in the wide

temperature range of 4-35K. Our electron dephasing
times were extracted from the weak-localization magne-
toresistance measurements. We obtained 1/7, T3/2

and 1/7, o k;5/2Z_3/2, which can be well ascribed
to the small-energy-transfer electron-electron scattering
process in three-dimensional disordered systems. This
observation was achieved because our ITO films pos-
sessed relatively low carrier concentrations which resulted
in a greatly suppressed electron-phonon relaxation rate.
Our result is the first quantitative demonstration of this
unique 3D electron-electron scattering time in experi-
ments. This particular dephasing rate could likely have
wide applicability and dominate in other highly degener-
ate semiconductors.
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