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We investigate the temperature-dependent resistivity of single-crystalline films of
LasLu; xAs over the 5-300 K range. The resistivity was separated into lattice, car-
rier and impurity scattering regions. The effect of impurity scattering is significant
below 20 K, while carrier scattering dominates at 20-80 K and lattice scattering
dominates above 80 K. All scattering regions show strong dependence on the La
content of the films. While the resistivity of 600 nm LuAs films agree well with the
reported bulk resistivity values, 3 nm films possessed significantly higher resistivity,
suggesting that interfacial roughness significantly impacts the scattering of carriers
at the nanoscale limit. © 2013 Author(s). All article content, except where other-
wise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4817830]

The rare-earth monopnictides (RE-V) with rocksalt structures have been the focus of experimen-
tal and theoretical studies in the past few decades.'™'* The RE compounds are especially interesting
because their lattice constants are compatible with a variety of III-V substrates, allowing for the
growth of high-quality single crystalline material by molecular beam epitaxy (MBE).

Studies on the energy band structures of a number of RE-As compounds such as ErAs, GdAs,
ScAs, TmAs, YbAs, YAs, LuAs and LaAs suggest a semimetallic character with a slight overlap
between the valance and conduction energy bands.*”-'* Moreover, the temperature-dependent mag-
netoresistance measurements of ErAs, a well-studied compound from the RE-As group, shows
a semimetallic character for ErAs with a relatively low density of electrons and holes, ~2—4
x 10%° cm™? extracted at 1.4 K.* Further studies on the charge transport properties and the en-
ergy band diagrams of some of the RE-As alloys such as ScsEr; < As, suggest that the semimetallic
character of the binaries is preserved in the ternary alloys.®® This combination of semimetallic prop-
erties and the state-of-the-art crystal and film growth on III-V substrates, in addition to the potential
of fabricating novel quantum-well systems based on semimetal-semiconductor heterostructures, has
given rise to various applications including transparent contacts for optical applications,'® non-linear
terahertz electronics and resonant tunneling hot electron transistors,'!*'? and plasmonic structures.'?

While several theoretical studies on the electrical properties and energy band diagrams of
LaAs and LuAs, the two end-points of the lanthanide series of the RE-As, have been reported
previously,”-'*23 the experimental electrical properties of these compounds remain largely unex-
plored. We previously reported the temperature-dependence resistivity of LuAs and LaAs films at
77-300 K temperature range.'>!'® Here we report the studies of the temperature-dependent elec-
trical resistivity of these two compounds at 5-300 K range. We also investigated the effect of La
concentration and the film thickness on the resistivity of LayLu; As ternary alloy films. The charge
scattering mechanisms are discussed and the impact of lanthanum content on the electrical resistivity
of LayLu; 4 As films is reported.

The MBE growth of LuAs on GaAs substrates was first reported by Palmstrgm et al.” In
the same report, the electrical resistivity of 65 A of LuAs grown on GaAs was reported at room
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temperature and at 1.5 K with no reports on the temperature-dependent variation of the resistivity.
A semimetallic character was established for LuAs through energy band structure calculations.’
Studies of the energy band diagram of LaAs suggest a semimetallic character with a low density
of carriers at the Fermi level.'* However, the charge transport properties of LaAs have not been
investigated experimentally so far, likely due to significant growth challenges that must first be
overcome in growing LaAs epitaxially on III-V materials. In our prior work, we reported a new
technique involving the growth of high-quality epitaxial LaAs utilizing a thin LuAs barrier layer
to prevent interfacial instability between the LaAs and III-V layers.'> Thick films (500-600 nm)
of LaAs, LuAs and LasLu; cAs (x = 48%), as well as thin films (10 ML or ~3 nm) of LuAs and
LayLu; 4As (x =5, 9 and 15%) were grown for the current study.

Samples were grown by solid-source molecular beam epitaxy (MBE) in an EPI Mod. Gen. II
system at 460 °C with an As:RE beam equivalent pressure ratio of 46:1. The 10 ML samples
consist of semi-insulating (100) GaAs substrates with a 200 nm GaAs buffer, followed by 10 ML
of LuAs or LasLu;xAs (x =5, 9 and 15 %) and a 15 nm GaAs capping layer. It was found that
for LayLu; 4 As alloy films with La content less than 15%, thin LuAs barriers were unnecessary and
the low concentration of La in the films did not indicate poor morphology in the observed in-situ
RHEED patterns or ex-situ XRD scans. Film thickness was determined in-situ by reflection high-
energy electron diffraction (RHEED) oscillations and confirmed ex-situ by X-ray diffraction (XRD)
and cross-sectional transmission electron microscopy (XTEM).!> !¢ Thick samples consisting of
600 nm of LuAs, 500 nm of LaAs and 500 nm of Lag 4sLug 5o As were also investigated. The growth
of thicker films is similar to the growth of thin 10 ML films, with the main difference being the
integration of 10 ML top and bottom LuAs spacer layers surrounding the LaAs and Lag 4gLug 5o As
films to prevent interfacial instability. The details of the growth of thick LasLu; xAs alloys will be
presented elsewhere.!”

The resistivity measurement method used for this study employs cross sheet Van der Pauw
(VDP) resistor structures.'® Figure 1(a) illustrates the fabrication steps taken in order to make the
VDP structures. After the initial cleaning steps, the samples were coated with negative resist AZ-5214
followed by photolithography to define Ni (10 nm) and Au (40 nm) electrodes, which were deposited
by electron-beam evaporation. The electrodes were then annealed at 260 °C in an N, ambient in order
to form diffused Ohmic contacts to the buried LuAs, LayLu;.<As, and LaAs films.!? In the second
photolithography step, device isolation was achieved by wet etching of the GaAs capping layer, the
LuAs/LayLu; As/LaAs films and the GaAs buffer layer using a solution of H,O:H3PO4:H,0, with
20:1:1 composition. Figure 1(b) shows the VDP structures fabricated on a 10 ML LuAs sample.

In Figure 2(a), we present the electrical resistivity measurements of thin (10 ML) and thick
(600 nm) LuAs films over the 5-300 K range. The residual resistivity ratios of the 600 nm and
10 ML films, which is defined as the ratio of resistivity at 300 K to the constant resistivity value
at 5 K, are 2.96 and 1.49 respectively. These values demonstrate small residual resistivity and high
quality of these single-crystalline samples. The resistivity values at 5 K and 300 K are quantitatively
consistent with those reported earlier.> At low temperatures (below 20 K), the resistivity of both
samples is constant with temperature, consistent with the temperature-independent elastic scattering
of carriers by impurities. As we shall discuss more in the analysis to follow, the difference between
the residual resistivity of 600 nm and 10 ML LuAs films below 20 K could be largely due to the
pronounced interfacial roughness scattering of carriers in the 10 ML film. While the 10 ML LuAs is
more strained to the GaAs lattice than 600 nm film, this additional strain impact the lattice constant
of 10 ML films only slightly compared to the bulk phase (600 nm thick films) and thus does not
have a significant effect on the residual resistivity of the 10 ML films.'¢

Figure 2(b) shows the electrical resistivity of 10 ML (3 nm) LayLu; 4As with x =0, 5, 9 and
15% La concentration. At 5 K, the residual resistivity is observable similar to the pure LuAs films
and varies from ~ 60 ©Q2-cm for LuAs to ~200 u2-cm for La,Lu;.4As (x = 15%). This increase
in the residual resistivity (p,) of alloy films is consistent with the following equation for residual
resistivity of metals:'®

mvy X;
Po=—5— (D

ne? a
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FIG. 1. (a) Illustration of the fabrication process of Van der Pauw (VDP) structures on LayLujxAs films on semi-insulating
(SI) GaAs substrates. (b) Optical image of the VDP structure fabricated on 10 ML LuAs sample.

where m, e, n and v; are the mass, charge, density and the drift velocity of carriers in LuAs,
respectively, a is the lattice constant of the stoichiometric compound, (lattice constant of the rocksalt
phase of LuAs is 5.6751 °A), and x; is the atomic fraction of the impurity atoms in the lattice.
According to (1), increasing the La content from 5 to 9% causes a ~1.8X increase in p, and from 9
to 15% gives rise to 1.6X increase in p,. While our data shows an increase of ~1.8X in the resistivity
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FIG. 2. (a) Temperature-dependent resistivity of thick (600 nm) and thin (10 ML) LuAs films over the 5-300 K range,
(b) Temperature-dependent resistivity of LaxLuj_xAs films with x = 0, 5, 9 and 15 % La content shows an increase in the
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resistivity values with increasing La.

of LaxLuj xAs (x = 9%) compared to that of LayLu; xAs (x = 5%), the increase in the resistivity
of LasLu; xAs (x = 15%) compared to LayLu; xAs (x = 9%) films is only ~1.2X. This reduction
in the resistivity increase (compared to prediction from (1)) is likely a result of carrier contribution

from La charge carriers.
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At higher temperatures, inelastic scattering increases. Using Matthiessen’s rule, we separate the
contribution of impurities from the thermally activated scattering mechanisms, p; (7):

o(T) = po + pi(T) (@)

where p(T) is the total electrical resistivity. In stoichiometric semimetallic compounds, the
temperature-dependent electrical resistivity, p;(T"), can be expressed as the sum of the contribu-

tion from carriers and phonons:*°

1 <1/Tphon. + l/feh> (3)

pi(T) = — U, + 1/my

ne?
where 7 pp,, and 7, are the relaxation times associated with phonon scattering and carrier scattering
respectively, and m, and my, are the effective mass of electrons and holes. In the remainder of this
article, we discuss the temperature, thickness, and alloy composition dependence of the resistivity.

Figure 3(a) shows the p;(T) term of the resistivity of LuAs films in the logarithmic scale
over the 20-300 K range. Two separate regions of the resistivity can be identified: 20-80 K and
80-300 K ranges. The resistivity of 10 ML and 600 nm LuAs films in the 20-80 K range is
proportional to T>7% and T respectively. In this range, the temperature dependence of 600 nm
LuAs films resembles the Tz—dependence which has been observed for certain transition metals,
as well as for semimetallic elements such as arsenic and layered semimetallic compounds such as
TiS,.?*2! This dependence on temperature is attributed to the impact of carrier-carrier scattering.
The resistivity of the 10 ML LuAs film in the 20-80 K range shows slightly stronger temperature
dependence. This difference could be due to the additional interfacial roughness scattering affecting
the carriers in the thinner film.

The quasi-quadratic temperature dependence of the resistivity in the 20-80 K range is also
observed for 10 ML LasLu; xAs films. Figure 3(b) shows the resistivity of LaxLu; xAs films in the
logarithmic scale. The resistivity of La,Lu;_ As films in the 20-80 K range is proportional to T>7°,
1241 TL7 and T3 for x = 0, 5, 9 and 15% La content, respectively. The weaker temperature
dependence for x = 5 and 9% La content can be understood to arise from increased impurity
scattering by La atoms. For x = 15%, as we discussed before, carrier contribution from La becomes
appreciable and might explain the increased temperature dependence, however, further studies are
needed to elucidate charge transport for relatively large La content (x > 15%).

At higher temperatures above ~80 K (see Figure 3(a)), the temperature dependence of the
epitaxial LuAs films is reduced and the resistivity becomes proportional to T'?* and T'?*° for
10 ML and 600 nm films respectively. Over this thermal range, the resistivity is likely governed
by the lattice scattering. The lattice contribution to the electrical resistivity can be described by
the Bloch-Griineisen function, which is proportional to ~T at temperatures below 65/10 and to
~T at temperatures above 6 /3, where 6, is the Debye temperature.’>?! The Debye temperature
is a measure of distinguishing between high and low-temperature regions of the solids. While high
frequency phonons are frozen for T < 6, all phonon modes are present at T > 0.2

Theoretical studies based on the elastic constants predict a Debye temperature of ~309 K for
LuAs.?® Therefore, the lattice contribution to the electrical resistivity below ~300 K is mainly due
to acoustic phonons, while the impact of high-frequency or optical phonons on carrier scattering
becomes significant mostly at temperatures well above ~300 K.>* Based on this value for 6p, the
low temperature regime of the Bloch-Griineisen model, where the resistivity is expected to show T>
dependence, is within the range where the impact of impurity scattering is non-negligible. The high
temperature regime of the lattice scattering begins from approximately 100 K. The Debye temper-
ature is reported to be 301 K for LaAs,'* which is also estimated based on data of elastic constant.
Accordingly, it is expected that the approximately linear temperature dependence of resistivity due
to phonon scattering will become observable at temperatures above ~100 K. In our experimental
studies, above 80 K, the resistivity of La,Lu;.,As films is proportional to T!-?3, T!40, T143 and T!13
for x =0, 5,9 and 15% of La content, respectively.

The thicker LaAs and La,Lu;_4As films studied in this work show a similar trend to the thin
films. In Table I we present the resistivity of 600 nm LuAs along with those of 500 nm LaAs and
Lag4sLugs2As at 300 K, 80 K and 5 K. The resistivity of 150 nm ErAs is provided for Comparison.25
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FIG. 3. (a) Resistivity of the thick and thin LuAs films over the 20-300 K range in the logarithmic scale shows two separate
regions, below 80 K, where the resistivity is proportional to T27% and T'> for 10 ML and 600 nm films, suggesting that
carrier-carrier scattering is dominant, and above 80 K where the resistivity is proportional to T'->* and T'3? for 10 ML and
600 nm films indicating that phonon scattering is dominant. (b) Resistivity of LayLuj_4As alloy films with x = 0, 5, 9 and
15 % over the 20-80 K range in the logarithmic scale can also be separated into two regions. Below 80 K, the resistivity is
proportional to T where y is in the range of 1.79-2.7 and above 80 K where y is in the range of 1.13-1.43.
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TABLE I. Resistivity of 500 nm thick Lag 4gLug s As and LaAs, and 600 nm thick LuAs at selected temperatures.

Compound p (5 K) [12-cm] p (78 K) [u2-cm] p (300 K) [£2-cm]
LuAs (600 nm) 30.17 40.43 89.35

LaAs (500 nm) — 327.72 602.64
Lag.4gLug 520As (500 nm) 120.13 166.03 302.82

ErAs (150 nm)» 16.10 22.74 61.41

The resistivity values for the 500 nm LasLu; 4 As (x = 48%) film is between those of the composing
binaries at 300 K and 80 K. Moreover, since the 6 calculated for LaAs (301 K) is close to that of
LuAs, one expects to see that the effect of the lattice scattering in the LaxLu; xAs (x = 48%) film
becomes significant at the same temperature range as it does for LuAs and LaAs.

Besides the above-mentioned scattering mechanisms, the interfacial roughness is believed to
have a substantial impact on the carrier mobility of 10 ML LuAs films. The interfacial scattering
becomes significant when the thickness of the film becomes comparable to the mean free path of the
carriers.2%27 To the best knowledge of the authors, the carrier mean free path in LuAs and LaAs has
not been reported so far. The reported values for the mean free path of hot carriers for ErAs films
with a thickness of 100-300 °A is ~100 °A at 80 K.?® Assuming the mean free path of carriers in
ErAs can be used as a reasonable rough estimate of the mean free path of carriers in LuAs and LaAs,
one can see that the interfacial roughness scattering can have a significant impact on the resistivity
of 10 ML (~3 nm) LuAs film compared to 600 nm films. The roughness scattering is believed to
affect the carrier scattering of 10 ML LasLu; < As likewise. It becomes relatively weaker compared
to thermally activated scattering mechanisms at higher temperatures.”’

In conclusion, we have experimentally studied the temperature-dependent electrical resistivity
of the rare-earth compound LayLu; 4As and its constituent binaries down to 10 monolayers. We
found that the electrical resistivity of LasLu;4xAs and its constituent binaries is consistent with
that of semimetallic systems. The resistivity is separated into impurity, carrier and lattice scattering
regions. Impurity scattering causes a constant residual resistivity for all samples below 20 K, while
carrier scattering is understood to be the dominant scattering mechanism in the 20-80 K range.
Above 80 K, phonon scattering becomes the dominant scattering mechanism. Finally, the ability to
grow high-quality LayLu; 4As films on III-V substrates opens up the possibility to develop novel
device applications for these rare-earth crystalline materials.

This work was supported by the Army Research Office through YIP award (W911NF-11-
1-0455) and the PECASE (W911NF-09-1-0434). Sample fabrication was performed at the Mi-
croelectronics Research Center, a member center of the National Science Foundation National
Nanotechnology Infrastructure Network.
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