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The temperature dependence of the electron mobility in ZnMgO/ZnO heterostructures in the Bloch—Griineisen regime is studied and many-body
effects are taken into account. For sufficiently low temperatures, the mobility limited by acoustic scattering follows a stronger, i ~ T~ (« = 8.5 for
the deformation-potential scattering, « = 6.5 for the piezoelectric scattering), temperature dependence, which is significantly different from the
traditional .« ~ T~ law. Many-body effects play an important role in the electron transport. The theoretical calculations are able to explain recently
published experimental data. © 2013 The Japan Society of Applied Physics

n the traditional theory of electron transport in the

two-dimensional electron gas (2DEG), the acoustic

scattering is assumed to be elastic and the phonon
distribution is approximated by the equipartition law, since
the phonon energy is negligibly small compared with
the thermal energy of electrons (i.e., iwg < kgT, where &
is the reduced Planck’s constant, wq is the frequency of
the lattice vibration for any wave vector Q and kg is
Boltzmann’s constant). However, at lower temperatures
when the acoustic phonon energy is comparable to the
thermal energy of electrons, the electron transport proc-
ess enters the low-temperature Bloch—Griineisen (BG)
regime and the traditional theory is no longer valid. The
onset temperature Tpg for the BG regime is given by
kgTpg = 2kghu,” where kg is the Fermi wave vector of
the 2DEG and u is, depending on the phonon mode involved,
the longitudinal or transverse velocity of sound. As the
temperature drops below Tpg, acoustic phonons with wave
vector g ~ 2kg cease to be thermally excited, and only
acoustic phonons with wave vector g < 2kgp can interact
with electrons through small-angle scattering. The phase-
space restriction drastically decreases the electron—acoustic
phonon interactions, and thus causes a faster increase in
the 2DEG mobility like in the pu ~ 7% law, which is
significantly different from the pu ~ 7~! law that follows
from the traditional theory. The BG behavior of 2DEG
was observed in high-purity heterostructure materials in
which the extrinsic scattering mechanisms, e.g., charged
impurities, interface roughness, dislocations, etc., are signi-
ficantly eliminated.>”

In this study, we develop the transport theory in ZnMgO/
ZnO heterostructures in the BG regime. Many-body effects
(exchange and correlation) within the local-field correction
(LFC) are taken into account. The theoretical calculations
are used to explain the experimental observations reported
by Falson et al.”

In the BG regime, we still assume that electron—acoustic
phonon collisions are elastic, thus a closed-form expres-
sion for the momentum relaxation time t(E) can be written
as?
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X 1= f(E) {Noll — fo(E + hwy)]

+ (Ng + DI = fo(E — hwo)]}, ey

where m* is the electron effective mass, 6 is the angle
between electron wave vectors before and after scattering, V
is the sample volume, fy(E) = 1/{exp[(E — Ep)/kgT] + 1}
is the Fermi-Dirac distribution function, Ny =
1/[exp(hwg/kgT) — 1] is the phonon distribution function,
E is the electron energy, Ef is the Fermi level, fiwg is the
phonon energy, g and g, are components of 3D wave vector
Q parallel and normal to the 2DEG plane, respectively,
|1(g.)|* = b°/(b* + q?)3 is the overlap integral for intraband
scattering, b is a variational parameter determined based
on the Fang—Howard wave function,” lci(q, g.))* is the
matrix element for the scattering mode j with |c1(q, ¢.)|> =
D’hQ/2Vpu; for deformation-potential (DP) scattering,‘”
lea(q, g)|* = Kzezha)Q/ZVesoesQ2 for piezoelectric (PE)
scattering,ﬁ) u (uy) is the longitudinal (transverse) velocity
of sound, D is the DP constant, p is the mass density, K?
is the PE constant, e is the electron charge, ¢y is the
permittivity of free space, & is the static permittivity, and
the screening function €(gq, T) is given below. In contrast
to the traditional theory, the complete forms of Ny and
Jo(E £ hwg) are retained. The screening function e(g, T)
used in Eq. (1) is written as

&2

eg. ) =1+ e Hp(g,D[1 - G@l, (2

where H(q) = (14 9¢/8b + 3¢%/8b*)/(1 + q/b)* is the
form factor, and TI(q,7T) 1is the finite temperature
polarizability calculated using the Maldague formula.”
Many-body effects described by the LFC, including
the exchange and correlation effects, are taken into
account in €(g,T) by introducing [1 — G(g)]. We use
an analytical expression for G(q),s'g) ie., G(g) =
1.402r%3q//2.644C3q2 + C3riPq* — C3rdPqyq,  where
qs = 2/a* is the screening wave number, a* is the effective
Bohr radius, r; = 1/y/ma*2N; is the Wigner—Seitz parame-
ter, and Ny is the 2DEG density; the three coefficients C;
(i=1,2,3) are quoted from Ref. 8. For lower densities
where r; > 1, the LFC is important. The BG behavior of the
2DEG was observed only in high-purity heterostructure
materials with densities in the vicinity of Ny =1 x 10'!
cm~2. For Ny =1 x 10'' cm~2 in the ZnMgO/ZnO hetero-

© 2013 The Japan Society of Applied Physics
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Fig. 1. Acoustic-phonon-limited mobility of the 2DEG in ZnMgO/ZnO
heterostructure as a function of temperature for Ny = 1.4 x 10'' cm™2. The
solid lines represent the DP and PE scatterings calculated from Eq. (1), the
dashed lines represent the DP and PE scatterings calculated using the
traditional theory in which the equipartition (EP) law is used, and the dotted
lines represent the asymptotes of the mobility in the low-temperature limit.
Tigc = 7.2K (Trgg = 3.0K) is the onset temperature for the BG regime for
longitudinal (transverse) acoustic phonon mode.

structure, rg = 8, indicating that the LFC plays an important
role in the BG behavior. The random-phase approximation
(RPA) is given by setting G(g) = 0. For higher densities
where r¢ < 1, the LFC can be neglected, and accordingly,
the €(g, T) approaches the result within the RPA.

In the published literature concerning the electron trans-
port in ZnO-based materials, the DP constant D is usually
treated as a fitting parameter and the fitted values range from
3.8 to 15eV.!%!? The difference between the fitted values of
D is mainly due to imprecise measurements of the experi-
mental data. In this study, we use D = 3.8eV for calcu-
lations for the DP scattering. The PE constant K2 is calcu-
lated using the piezoelectric tensor components his =
—0.37, h3; = —0.62, and h33 = 0.96 C/m>.13!¥

Figure 1 shows the calculated mobility limited by acoustic
DP and PE scatterings as a function of temperature. At higher
temperatures, the mobility calculated from Eq. (1) is pro-
portional to T-1, which is consistent in the result that follows
from the traditional theory. This is because the simplified
approximations, No ~ kgT /hwg and fo(E £ hwg) ~ fo(E),
used in the traditional theory are valid at higher temperatures.
As the temperature drops below the onset temperature Tgg
for the BG regime, the temperature dependence of the
mobility undergoes a smooth transition from the p ~ 7!
law to the u ~ T~ law; a = 8.5 (o = 6.5) for the DP (PE)
scattering. According to kgTpg = 2kghu and u; > u,, the
onset temperature Tgg for the longitudinal acoustic phonon
mode is larger than that for the transverse acoustic phonon
mode, i.e., Ty g > Ttg. The DP-limited mobility upp(BG)
is dominated by the longitudinal acoustic phonon mode;
accordingly, upp(BG) deviates from pupp(EP) (mobility
calculated using the traditional theory) below Tipg. In
contrast, the PE-limited mobility upg(BG) is dominated by
the transverse acoustic phonon mode; accordingly, upg(BG)
deviates from upg(EP) below Ttpg.

Figure 2 shows the importance of many-body effects
described by the LFC for the 2DEG mobility. The mobility
calculated using the LFC shows a temperature dependence
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Fig. 2. Acoustic-phonon-limited mobility of the 2DEG in ZnMgO/ZnO
heterostructure as a function of temperature for different 2DEG densities.
The thick lines indicate the data calculated using the LFC and the thin lines
indicate those calculated using the RPA.

similar to that calculated using the RPA. However, many-body
effects greatly decrease the screening effects of the 2DEG,
leading to a decrease in the mobility, particularly for lower
densities. As the 2DEG density increases, many-body effects
become relatively less important. However, the influence of
many-body effects is still large for Ny = 2.0 x 10'>cm™2,
Recently, Falson et al.”’ observed a strong temperature
dependence of the 2DEG mobility in ZnMgO/ZnO hetero-
structures at lower temperatures. It can be seen in Fig. 3 that
as the temperature decreases below 10K, the temperature
dependences of the mobilities for Ny = 1.4 x 10! and 6.8 x
10'°cm~2 are stronger than the high-temperature p ~ 7!
dependence, exhibiting obvious characteristics of the BG
behavior, and the mobilities start saturating below 1 K. We
attempt to explain the experimental observations using our
transport theory for the BG regime. The charged impurity
scattering (CIS) and the interface roughness scattering (IRS)
are viewed as two important extrinsic scattering mechanisms
limiting the low-temperature saturation mobility of the 2DEG
in ZnMgO/ZnO heterostructures.'> In the fittings to the
experimental data, therefore, the CIS and IRS are taken into
account using the expressions in Refs. 16 and 17, respec-
tively, and the screening function within the LFC [as shown in
Eq. (2)] is taken into account. It is assumed that the impurities
are evenly distributed in ZnMgO at a density of Ny, and in
ZnO at a density of N,. Optical phonon scattering is ignored in
the fittings since this scattering mechanism is important only
at temperatures above 100 K.'® In the fittings, only the param-
eter values associated with the extrinsic scattering mechan-
isms, i.e., the impurity densities N; in ZnMgO and N, in ZnO,
the height A and lateral size A of roughness, are adjustable.
The temperature dependence of the mobility limited by
individual scattering mechanisms for Ny = 1.4 x 10" cm™2
is shown in Fig. 3(a). It is found that the IRS dominates
the saturation mobility at low temperature. The temperature-
dependent behavior of the mobility is dominated by the
transverse-PE scattering. The weak temperature depend-
ences of ucg and prg are due to the temperature-dependent
screening effects as shown in Eq. (2). In Fig. 3(b), the
experimental results for another four samples with different
2DEG densities are fitted by calculations. It can be seen

© 2013 The Japan Society of Applied Physics
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Fig. 3. Temperature dependence of calculated mobility limited by

(a) individual scattering mechanisms, including DP scattering (upp),
longitudinal-PE scattering (i pg), transverse-PE scattering (u1pg), charged
impurity scattering (icyg), interface roughness scattering ((rs), and all
scattering mechanisms (pror) mentioned above, for Ny = 1.4 x 10" cm™
and (b) all scattering mechanisms for Ny, = 6.8 x 10'°, 4.5 x 10!,

7.0 x 10", and 2.0 x 10'> cm~2. The scattered symbols are the
experimental data from Ref. 3. The unit of A and A is nm; the unit of N
and N, is x10% cm~3.
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in Fig. 3 that all the experimental data can be explained
satisfactorily using our theory without adjusting the parame-
ter values of D and K2.

In conclusion, we studied the temperature dependence of
the 2DEG mobility in ZnMgO/ZnO heterostructures in the
BG regime. In the low-temperature limit, the mobility is pro-
portional to T~%3 (T=63) for the DP (PE) scattering. Many-
body effects effectively decrease the 2DEG mobility, partic-
ularly for lower densities. The theoretical calculations are in
good agreement with recently published experimental data.
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