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Limitations to the room temperature mobility of two- and three-dimensional

electron liquids in SrTiO3
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(Received 22 January 2015; accepted 27 January 2015; published online 9 February 2015)

We analyze and compare the temperature dependence of the electron mobility of two- and
three-dimensional electron liquids in SrTiOj3. The contributions of electron-electron scattering
must be taken into account to accurately describe the mobility in both cases. For uniformly doped,
three-dimensional electron liquids, the room temperature mobility crosses over from longitudinal
optical (LO) phonon-scattering-limited to electron-electron-scattering-limited as a function of
carrier density. In high-density, two-dimensional electron liquids, LO phonon scattering is
completely screened and the mobility is dominated by electron-electron scattering up to room
temperature. The possible origins of the observed behavior and the consequences for approaches to
improve the mobility are discussed. © 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4907888]

Two-dimensional electron liquids (2DELs) in StrTiO;
have generated significant interest for the study of low-
dimensional correlation physics'™ and for novel device
applications.” ' At polar/non-polar interfaces, charge den-
sities can be as high as 3 x 10"*cm~2'"!? Such sheet car-
rier concentrations are at least an order of magnitude larger
than those that can be achieved in conventional semicon-
ductor two-dimensional electron gases. The high dielectric
constant of SrTiO; facilitates the modulation of such large
charge densities by an external electric field,”'*'® making
SrTiO5 2DELs of interest for applications in power elec-
tronic or tunable plasmonic devices. Device performance
will, however, be limited by the low room temperature mo-
bility (u) of electrons in SrTiOs, which is less than 10 cm?
V! s, For example, the Baliga power device figure of
merit'* is s,uEg3, where ¢ is the dielectric constant and E,, is
the band gap. For SrTiOs, it is already fairly high, due to
its wide band gap and large dielectric constant, and rela-
tively small gains in g could make it comparable to other
materials currently being investigated for power electronic
devices.

To improve transport, it is important to understand the
reasons for the low mobility. For doped bulk SrTiOs, it has
long been known that the mobility at temperatures 7 > 200 K
is limited by scattering from longitudinal optical (LO) pho-
nons.”>™'7 At intermediate temperatures (7 ~20K-130K),
the resistivity has a 7% dependence, indicative of electron-
electron scattering.'®'? The resistance of high-density
2DELs at RTiO3/SrTiO5 interfaces (R=La, Nd, Gd, or
Sm), which exhibit charge densities of ~3 X 1014cm72, fol-
lows T> dependence over a much wider temperature
range.>>*° This suggests that different mechanisms deter-
mine the room temperature mobility in bulk and 2DELs in
SrTiO3 and that electron-electron interactions are signifi-
cantly stronger in extreme-density 2DELs. In this letter, we
analyze and compare the contributions to the room tempera-
ture mobility for the two cases. We show that LO phonon
scattering is absent in the 2DELs even at room temperature.
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For bulk SrTiOs, a crossover in the limiting scattering mech-
anism is observed as a function of carrier density.

Epitaxial SrTiO; films were grown doped with different
amounts of La by molecular beam epitaxy (MBE), with the
three-dimensional carrier densities (N) ranging between
~8 x 10”7 cm 2 and ~2 x 10*°cm . Details of the growth
and results from electrical measurements are described in
Ref. 21. 2DELs were formed at MBE-grown GdTiO3/SrTiO;
interfaces, as described elsewhere,“’22 and the electrical
data analyzed here were previously reported in Ref. 11. The
thickness of the SrTiOj; layer, in which the 2DEL resides,
was varied between 2 and 88 nm. At least 50% of the carriers
in such 2DELs reside in highly confined d,, states within a
few nm of the interface.”> 2 Decreasing the SrTiO; layer
thickness increases the 3D carrier density in the layer when
the layer thickness becomes comparable or smaller than the
spatial extent of the 2DEL.

Figure 1(a) shows the Hall mobility (x) of lightly
La-doped SrTiO3 (N ~ 8 x 10" ¢cm ™) as a function of tem-
perature.”’ In the following, we describe the temperature
dependence of u by accounting for three dominant scatter-
ing mechanisms, whose reciprocals add according to
Matthiesen’s rule:

W= e . (1)

The three terms in Eq. (1) are: y, the low-temperature limit
of the mobility, determined by ionized impurity scattering
(or interface roughness scattering in case of the 2DELs);
Ue_o» the electron-electron scattering limited mobility; and
Ur o> the LO phonon limited mobility. The temperature
dependence of y .l is given by u_ }é:aTz, where o is a
measure of the strength of electron-electron scattering.”” The
temperature dependence of ;. can be described as
follows: ">

Kio hwro
= —1 2
Lo FoLe (exp( kBT) ), ()

© 2015 AIP Publishing LLC
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FIG. 1. (a) Temperature dependence of the Hall mobility (x) of SrTiO;
doped with La to a carrier density of 8 x 10'7 cm ™2 (from Ref. 21). The solid
line is a fit to Eq. (1), with L = oI and Uy o as given by Egs. (2) and (3),
while the dashed lines show the temperature dependence of the terms in Eq.
(1) obtained from the fit. (b) and (c) Extracted parameters o and wpo from
fits to the samples with different doping concentrations (V). The individual
fits are shown in the supplementary material.** (d) Comparison of the meas-
ured room temperature mobility (solid circles), y,_. (diamonds), and u;,
(squares) calculated using the extracted fit parameters, and (p..L + b))~
(hexagons). The close agreement between the measured p and
(pet + ,u]j(l))fl shows that the room temperature mobility is controlled by
electron-electron and LO phonon scattering terms, with a crossover in the
dominant contribution near N ~ 6 x 10'®cm >,

with

A\ 2
Kio e (k) f(B), 3)

B 2pheo mp \ mp

where 7 is the reduced Planck’s constant, e is the electron
charge, kp is the Boltzmann constant, %y o is the energy of
the LO phonon, f is the electron-phonon coupling constant,
m, is the electron effective mass (taken to be 1.8 times the
free electron mass®), mp = m,(1+ f/6) is the polaron
mass, and f(f) is a function with a value of approximately
one.”® K| o is approximately 0.12 eV cm?/V s, see Ref. 28.
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The solid line in Fig. 1(a) shows a fit using Egs. (1)—(3),
which accurately describes the experimental data. The fit
parameters were [, «, and wro. In SrTiOs, carriers are
believed to couple strongly to two LO phonon modes'® and
the value for wpo determined here is an average, effective
value. Fits for the more highly doped samples are shown in
the supplementary material®® and yield similarly good
descriptions. Figures 1(b) and 1(c) show the results for « and
wro as a function of N. As N increases, w; o and o both
increase. As a result, py o increases while p._, decreases and
the total mobility becomes increasingly limited by electron-
electron scattering. This is summarized in Fig. 1(c), which
shows p._. and py o calculated at room temperature using the
extracted values for o and o, the total mobility calculated
using these two terms, and the experimentally measured Hall
mobility. At N~ 6 x 10" cm ™3, the electron-phonon scatter-
ing limited regime crosses over to an electron-electron
scattering limited regime; as a result, the mobility remains
<10cm? V~'s7! for all N.

The increase of y; , with N is in agreement with first-
principles calculations,'” where it has been shown that the
electron-phonon scattering rates decrease away from the
Brillouin zone center. Thus with increasing N, as the Fermi
surface enlarges, the scattering rate becomes smaller, leading
to an increase in [ .

The results shown in Fig. 1 confirm earlier results that
electron-electron scattering must be accounted for in describ-
ing the temperature-dependence of the mobility of SrTiO3,'®
and furthermore show that it becomes the limiting mecha-
nism at high doping. It is well known that for simple metals
with a single conduction band, electron-electron scattering
leads to resistance only for Umklapp processes at linear
order transport theory.”’*! This is due to the fact that the
total crystal momentum is conserved in an electron-electron
scattering event for normal (non-Umklapp) processes. In
SrTiOs, the increased electron-electron scattering rate at
high doping [Fig. 1(b)] can also be attributed to Umklapp
processes. With increasing N the Fermi surface expands,
reaching closer to the Brillouin zone boundaries, enabling
Umklapp scattering. Furthermore, when there are multiple
conduction bands, as is the case for SrTiO3,32’33 electron-
electron scattering can proceed through both intraband and
interband transitions. For an interband scattering event, the
total current can change via transfer of electrons between
bands with different effective masses, leading to resistance
from electron-electron scattering even for normal processes,
in addition to Umklapp ones.** This leads to an increased
electron-electron scattering rate compared to simple metals.
In addition, short-range Coulomb interactions are strong for
the conduction bands derived from the localized 3d orbitals
of Ti, which also leads to an enhancement of electron-
electron scattering.2 These interactions increase with N (as
the probability of two electrons occupying the same site
increases).

Figure 2 shows the Hall mobility as a function of tem-
perature for the 2DELSs in structures with different SrTiO;
thicknesses. As shown by the dashed lines, the mobility can
be completely described over the entire temperature range
up to room temperature as yu~! = Uy I+ U lc Thus, unlike
for bulk doped samples, there is no detectable LO phonon
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FIG. 2. Temperature dependence of the inverse of the mobility u in 2DELs
at GdTiO3/SrTiO; interfaces. The samples consisted of epitaxial bilayers
with SrTiO; different thicknesses (GdTiOj is the top layer) on an insulating
substrate, from Ref. 11. The inset shows the extracted parameter o from fits
to ! = oT?

scattering contribution in the 2DELs. The absence of LO
phonon scattering explains the slightly larger room-
temperature mobility in the 2DELs. The inset in Fig. 2 shows
o as a function of SrTiOj thickness. For the thinnest layers,
the three-dimensional carrier density in the 2DEL is
increased (the layer width is substantially smaller than the
spatial extent of the 2DEL) and the strength of electron-
electron scattering (o) is increased.

The results indicate a complete screening of the LO pho-
non mode in the 2DELs. In addition to the screening by the
large density of carriers in the 2DEL, electronic screening
also depends on the density of states (DOS). Confinement in
a 2DEL increases the DOS at the Fermi level.*® An indicator
of a substantial increase of the DOS in GdTiO3/SrTiO;
2DELs is the observed itinerant ferromagnetism,’® as it is
required to satisfy the Stoner criterion to cause spin polariza-
tion in the conduction bands.”” Once the conduction elec-
trons screen the ionic potentials effectively, there is no long
range Coulomb interaction that splits the LO and TO mode
frequencies, and therefore the polar optical mode scattering
disappears, explaining the disappearance of the LO phonon
scattering in the 2DEL.

Figure 3 summarizes the findings by showing the room
temperature values of y as a function of « for the 2DELSs and
the bulk doped SrTiO5; samples. The dotted line indicates the
electron-electron scattering limited mobility, calculated as
ol =0oT” In bulk SrTiO;, LO phonon scattering reduces
the mobility below the p,_, limit. To increase the room tem-
perature mobility of SrTiO3, LO phonon scattering should be
suppressed. This is achieved for the 2DELs with thicker
SrTiO5, which fall on the theoretical u;le line. In this limit,
to improve the mobility, « should be reduced. If this proves
possible, significant mobility gains (by a factor of 2 or more)
could be achieved with relatively small reductions in o.
For the extremely confined 2DELs (few nm SrTiO;5 layers,
right-most data points), other factors, including interface
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FIG. 3. Room temperature mobility as a function of the extracted electron-
electron scattering parameter o for the 2DELs (diamonds) and three-
dimensional electron gases (squares). The dashed line is calculated accord-
ing to u~' = «T”. The mobility of the three-dimensional electron gases falls
below the dashed line due to the significant contribution of LO phonon scat-
tering, which is absent in the 2DELs. The extremely confined 2DELs (two
right-most data points) fall below the line due to contributions from interface
roughness scattering even at room temperature.

roughness scattering, cause a drop in the mobility below the
Ueo limit.

In summary, we have shown that the room temperature
mobility in high-carrier-density 2DELs in SrTiO; is not lim-
ited by LO phonon scattering, in sharp contrast to bulk,
doped SrTiO;. To develop approaches to improve the mobil-
ity in the 2DELSs, a quantitative, theoretical understanding of
contributions to o in SrTiO; 2DELs must be developed. The
results emphasize that the transport physics of 2DELs in
complex oxides is significantly different from that of con-
ventional semiconductors, where electron-electron scattering
only plays a minor role and electron-phonon scattering is the
dominant mechanism limiting the room temperature
mobility.

This work was supported by the Extreme Electron
Concentration Devices (EXEDE) MURI program of the
Office of Naval Research (ONR) through Grant No.
N00014-12-1-0976. Film growth experiments (A.P.K.) were
supported by the UCSB MRL, which is supported by the
MRSEC Program of the U.S. National Science Foundation
under Award No. DMR-1121053, and which also supported
the central facilities used in this work. A.P.K. also
acknowledges support from the U.S. National Science
Foundation through a Graduate Research Fellowship (Grant
No. DGE-1144085).

1S. Stemmer and S. J. Allen, Annu. Rev. Mater. Res. 44, 151 (2014).

2p, Moetakef, C. A. Jackson, J. Hwang, L. Balents, S. J. Allen, and S.
Stemmer, Phys. Rev. B 86, 201102(R) (2012).

3C.A. Jackson, J. Y. Zhang, C. R. Freeze, and S. Stemmer, Nat. Commun.
5, 4258 (2014).

4S. Okamoto and A. J. Millis, Nature 428, 630 (2004).

SR. Pentcheva and W. E. Pickett, Phys. Rev. Lett. 99, 016802 (2007).

°R. Chen, S. Lee, and L. Balents, Phys. Rev. B 87, 161119(R) (2013).


http://dx.doi.org/10.1146/annurev-matsci-070813-113552
http://dx.doi.org/10.1103/PhysRevB.86.201102
http://dx.doi.org/10.1038/ncomms5258
http://dx.doi.org/10.1038/nature02450
http://dx.doi.org/10.1103/PhysRevLett.99.016802
http://dx.doi.org/10.1103/PhysRevB.87.161119

062102-4 Mikheev et al.

], P. Veazey, G. L. Cheng, P. Irvin, C. Cen, D. F. Bogorin, F. Bi, M. C.
Huang, C. W. Bark, S. Ryu, K. H. Cho et al., Nanotechnology 24, 375201
(2013).

8L. Fidkowski, H. C. Jiang, R. M. Lutchyn, and C. Nayak, Phys. Rev. B 87,
014436 (2013).

M. Boucherit, O. Shoron, C. A. Jackson, T. A. Cain, M. L. C. Buffon, C.
Polchinski, S. Stemmer, and S. Rajan, Appl. Phys. Lett. 104, 182904 (2014).
104, Verma, S. Raghavan, S. Stemmer, and D. Jena, Appl. Phys. Lett. 105,

113512 (2014).

P, Moetakef, T. A. Cain, D. G. Ouellette, J. Y. Zhang, D. O. Klenov, A.
Janotti, C. G. Van de Walle, S. Rajan, S. J. Allen, and S. Stemmer, Appl.
Phys. Lett. 99, 232116 (2011).

1258, Kim, S. S. A. Seo, M. F. Chisholm, R. K. Kremer, H. U. Habermeier,
B. Keimer, and H. N. Lee, Phys. Rev. B 82, 201407 (2010).

BMm. Boucherit, O. F. Shoron, T. A. Cain, C. A. Jackson, S. Stemmer, and S.
Rajan, Appl. Phys. Lett. 102, 242909 (2013).

4B, J. Baliga, IEEE Electron Device Lett. 10, 455 (1989).

I5H. P. R. Frederikse and W. R. Hosler, Phys. Rev. 161, 822 (1967).

1°0, N. Tufte and P. W. Chapman, Phys. Rev. 155, 796 (1967).

'7B. Himmetoglu, A. Janotti, H. Peelaers, A. Alkauskas, and C. G. V. d.
Walle, Phys. Rev. B 90, 241204(R) (2014).

18 A Baratoff and G. Binnig, Physica B4+C 108, 1335 (1981).

9D, van der Marel, J. L. M. van Mechelen, and I. I. Mazin, Phys. Rev. B 84,
205111 (2011).

20p, Xu, D. Phelan, J. S. Jeong, K. A. Mkhoyan, and B. Jalan, Appl. Phys.
Lett. 104, 082109 (2014).

Appl. Phys. Lett. 106, 062102 (2015)

2T, A. Cain, A. P. Kajdos, and S. Stemmer, Appl. Phys. Lett. 102, 182101
(2013).

22p, Moetakef, J. Y. Zhang, A. Kozhanov, B. Jalan, R. Seshadri, S. J. Allen,
and S. Stemmer, Appl. Phys. Lett. 98, 112110 (2011).

238, Y. Park and A. J. Millis, Phys. Rev. B 87, 205145 (2013).

24S. Raghavan, S. J. Allen, and S. Stemmer, Appl. Phys. Lett. 103, 212103
(2013).

23G. Khalsa and A. H. MacDonald, Phys. Rev. B 86, 125121 (2012).

26M. Stengel, Phys. Rev. Lett. 106, 136803 (2011).

27W. E. Lawrence and J. W. Wilkins, Phys. Rev. B 7, 2317 (1973).

284, Verma, A. P. Kajdos, T. A. Cain, S. Stemmer, and D. Jena, Phys. Rev.
Lett. 112, 216601 (2014).

298, J. Allen, B. Jalan, S. Lee, D. G. Ouellette, G. Khalsa, J. Jaroszynski, S.
Stemmer, and A. H. MacDonald, Phys. Rev. B 88, 045114 (2013).

*See supplementary material at http://dx.doi.org/10.1063/1.4907888 for fits
to data from SrTiOs films with different La-concentrations.

31J. Appel, Phys. Rev. 122, 1760 (1961).

2y, Uwe, R. Yoshizaki, T. Sakudo, A. Izumi, and T. Uzumaki, Jpn. J. Appl.
Phys., Part 1 24(Supplement 24-2), 335 (1985).

H. Uwe, T. Sakudo, and H. Yamaguchi, Jpn. J. Appl. Phys., Part 1
24(Supplement 24-2), 519 (1985).

4. Appel, Phys. Rev. 125, 1815 (1962).

3C. Weisbuch and B. Vinter, Quantum Semiconductor Structures
(Academic Press, San Diego, 1991).

36C. A. Jackson and S. Stemmer, Phys. Rev. B 88, 180403(R) (2013).

37E. Stoner, Philos. Mag. 15, 1018 (1933).


http://dx.doi.org/10.1088/0957-4484/24/37/375201
http://dx.doi.org/10.1103/PhysRevB.87.014436
http://dx.doi.org/10.1063/1.4875796
http://dx.doi.org/10.1063/1.4896275
http://dx.doi.org/10.1063/1.3669402
http://dx.doi.org/10.1063/1.3669402
http://dx.doi.org/10.1103/PhysRevB.82.201407
http://dx.doi.org/10.1063/1.4811273
http://dx.doi.org/10.1109/55.43098
http://dx.doi.org/10.1103/PhysRev.161.822
http://dx.doi.org/10.1103/PhysRev.155.796
http://dx.doi.org/10.1103/PhysRevB.90.241204
http://dx.doi.org/10.1016/0378-4363(81)90966-9
http://dx.doi.org/10.1016/0378-4363(81)90966-9
http://dx.doi.org/10.1103/PhysRevB.84.205111
http://dx.doi.org/10.1063/1.4866867
http://dx.doi.org/10.1063/1.4866867
http://dx.doi.org/10.1063/1.4804182
http://dx.doi.org/10.1063/1.3568894
http://dx.doi.org/10.1103/PhysRevB.87.205145
http://dx.doi.org/10.1063/1.4831976
http://dx.doi.org/10.1103/PhysRevB.86.125121
http://dx.doi.org/10.1103/PhysRevLett.106.136803
http://dx.doi.org/10.1103/PhysRevB.7.2317
http://dx.doi.org/10.1103/PhysRevLett.112.216601
http://dx.doi.org/10.1103/PhysRevLett.112.216601
http://dx.doi.org/10.1103/PhysRevB.88.045114
http://dx.doi.org/10.1063/1.4907888
http://dx.doi.org/10.1103/PhysRev.122.1760
http://dx.doi.org/10.7567/JJAPS.24S2.335
http://dx.doi.org/10.7567/JJAPS.24S2.335
http://dx.doi.org/10.7567/JJAPS.24S2.519
http://dx.doi.org/10.1103/PhysRev.125.1815
http://dx.doi.org/10.1103/PhysRevB.88.180403
http://dx.doi.org/10.1080/14786443309462241



