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Classical and quantum conductivity 
in β-Ga2O3
David C. Look1,2 & Kevin D. Leedy2

The conductivity σ, quantum-based magnetoconductivity ∆σ = σ(B) − σ(0), and Hall coefficient 
RH (= µH/σ) of degenerate, homoepitaxial, (010) Si-doped β-Ga2O3, have been measured over a 
temperature range T = 9–320 K and magnetic field range B = 0–10 kG. With ten atoms in the unit cell, 
the normal-mode phonon structure of β-Ga2O3 is very complex, with optical-phonon energies ranging 
from kTpo ~ 20–100 meV. For heavily doped samples, the phonon spectrum is further modified by doping 
disorder. We explore the possibility of developing a single function Tpo(T) that can be incorporated into 
both quantum and classical scattering theory such that ∆σ vs B, ∆σ vs T, and µH vs T are all well fitted. 
Surprisingly, a relatively simple function, Tpo(T) = 1.6 × 103{1 − exp[−(T + 1)/170]} K, works well for 
β-Ga2O3 without any additional fitting parameters. In contrast, ∆σ vs T in degenerate ScN, which has 
only one optical phonon branch, is well fitted with a constant Tpo = 550 K. These results indicate that 
quantum conductivity enables an understanding of classical conductivity in disordered, multi-phonon 
semiconductors.

�e semiconductor Ga2O3 has �ve structural forms, α, β, γ, δ, and ε, the most stable of which is β-Ga2O3 (here-
a�er called βGAO), which crystallizes in the monoclinic form. �is material has experienced extensive research 
activity in the last few years, mainly because of its high band gap, Eg = 4.6–4.9 eV, signi�cantly higher than that 
of most other common wide-band-gap semiconductors, such as GaN, ZnO, and SiC1,2. �is feature leads to a 
higher breakdown �eld3, important for power electronics, and also less absorption in the UV, useful for applica-
tions requiring transparency2. Moreover, even with this large band gap, βGAO can be highly doped with shallow 
donors such as Si and Sn, attaining free-electron concentrations n ≈ 2 × 1020 cm−3 4. Such high concentrations 
enable transparent electrodes for photovoltaics and �at-panel displays, and regrown ohmic contacts5. Finally, 
homoepitaxial device technology is possible because large βGAO crystals can be grown by several di�erent 
techniques2.

With such interesting practical applications on the horizon, it is important to understand the classical elec-
trical properties, in particular, conductivity σ, concentration n, and Hall mobility µH = σRH, where RH is the 
Hall coe�cient. For binary semiconductors with only two atoms in the unit cell, such as GaN, SiC, ZnO, and 
ScN, the relevant scattering theory is simpli�ed by the existence of only one branch of optical phonons. �us, 
polar-optical-phonon scattering in these materials can be e�ectively described in terms of only one longitudinal 
optical phonon, of energy kTpo

6, where k is Boltzmann’s constant and Tpo is the polar optical phonon temperature. 
(For reference, the table on p. 84 of 6 lists Tpo values for sixteen binary semiconductors.) In contrast, βGAO con-
tains ten atoms in the unit cell and thus nine branches of optical phonons, greatly complicating the analysis. �e 
full spectrum of normal-mode phonons has recently been calculated and discussed in detail7–10. However, in this 
study, we will be concerned with degenerate Si-doped βGAO, which has the additional complication of disorder 
due to the random positions of the Si-dopant atoms11–13. Such disorder leads to small, negative contributions to 
the conductivity via a quantum e�ect, electron-wave constructive interference. �is e�ect can be reduced by an 
increase in temperature T or magnetic-�eld strength B, with the latter leading to a positive magnetoconductivity 
(MC). We de�ne ∆σ(B,T) = σ(B,T) − σ(0,T), and will show that a theoretical analysis of ∆σ as a function of B 
and T provides enough detail of the actual phonon spectrum to quantitatively explain µH vs T, a completely di�er-
ent experiment. Besides this positive contribution to the MC, a much more common, non-quantum, negative con-
tribution to the MC can also exist11–14; however, it is negligible in our sample due to a high degree of degeneracy.

�e �lm of this study was homoepitaxial, grown by pulsed laser deposition (PLD) at 550 °C on a Fe-doped 
(010) βGAO substrate. �e substrate was semi-insulating and thus electrically isolated from the �lm. �e growth 
ambient was a 5% O2/95% Ar gas mixture at 1.33 Pa, and the ablation target was a 99.99% pure sintered Ga2O3 

1Semiconductor Research Center, Wright State University, Dayton, OH, 45435, USA. 2Air Force Research Laboratory 
Sensors Directorate, Wright-Patterson AFB, OH, 45433, USA. Correspondence and requests for materials should be 
addressed to D.C.L. (email: david.look@wright.edu)

Received: 16 August 2018

Accepted: 19 December 2018

Published: xx xx xxxx

OPEN

https://doi.org/10.1038/s41598-018-38419-0
mailto:david.look@wright.edu


www.nature.com/scientificreports/

2SCIENTIFIC REPORTS |          (2019) 9:1290  | https://doi.org/10.1038/s41598-018-38419-0

disk with 1 wt. % SiO2. Nearly identical �lms have been extensively characterized by X-ray di�raction (XRD), 
atomic-force microscopy (AFM), and transmission electron microscopy (TEM), as presented in ref.4. A �lm 
thickness d = 502 nm was measured by contact pro�lometry. �e thickness was also determined from spectral 
re�ectance Rm and transmittance Tm measurements which can be accurately converted to the elements η and κ 
of the index of refraction (η + iκ) in a homoepitaxial sample15. At an energy E = 2 eV, η = 2.02, and Fabry-Perot 
oscillations (FPO) then yielded d = 508 nm, close to the pro�lometer value.

Another common use of Rm and Tm measurements is determination of the band gap Eg
15. �e values of η and κ 

can be directly converted to absorption α and re�ection R coe�cients, and for crystalline materials with a direct 
band gap, a plot of α2 vs energy E will have an intercept Eg at E = 0. As shown in Fig. 1, the result is: α2 = 5 × 1011 
(E − 4.57 eV) cm−2, giving Eg = 4.57 eV. In agreement, typical Eg values for βGAO mentioned in the literature are 
4.5–4.9 eV1.

Measurements of sheet carrier concentration ns, sheet conductance σs, and sheet Hall coe�cient RHs were car-
ried out in a LakeShore 7507 Hall-e�ect system over a temperature range T = 9–320 K and a magnetic-�eld range, 
B = 0–10 kG. (All of the numbered equations in this work are in MKS units. However, in the text we will report 
B in “kG” rather than in the MKS unit “T” because “T” is already used for temperature. Note that 10 kG = 1 T.) 
For comparison with theory, σs was converted to conductivity σ = σs/d, RHs to volume electron concentration 
n = (edRHs)

−1, and Hall mobility to µH = σsRHs
14. Plots of n, µH, and σ vs T are shown in Fig. 2. (Note that because 

n is nearly constant at 1.2 × 1020 cm−3, the layer is degenerate, and the so-called “Hall factor” is thus close to unity; 
in such a case, n is the true carrier concentration14) In Fig. 2, we have plotted σ at both B = 0 and B = 10 kG. 
Although the curves appear to be nearly identical on the scale of this plot, their small di�erence ∆σ is important 
and is expanded and plotted vs temperature in Fig. 3.

Figure 1. Square of absorption coe�cient α vs energy E for βGAO. �e intercept of α2 vs E gives a direct energy 
gap of 4.57 eV.

Figure 2. Conductivity σ, Hall-mobilty µ, and free-electron concentration n, vs temperature T in 
βGAO. �e lines are theoretical �ts of µ vs T under three possible conditions: (1) Tpo(T) = 1.4 × 103 K; (2) 
Tpo(T) = 1.0 × 103 K; or (3) Tpo(T) = 1.6 × 103{1 − exp[−(T + 1)/170]} K.
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As mentioned earlier, the βGAO unit cell has 10 atoms that generate 30 normal modes of vibration, 3 acoustic 
and 27 optical7. In this work we will be concerned with the e�ects of these phonons on conductivity. Acoustic 
phonons scatter electrons elastically, or nearly so, and can a�ect µ in degenerate semiconductors at low tempera-
tures14. However, they will have negligible e�ect on electron phase and thus will not in�uence ∆σ. Optical phon-
ons, on the other hand, lead to inelastic scattering and will have a strong e�ect on ∆σ11–13. �ey will also a�ect µ, 
but only at higher temperatures because temperature-independent ionized-impurity scattering, an elastic process, 
is much stronger than phonon scattering at low temperatures in highly-doped materials.

�e random positions of the Si ions lead to a disorder that can result in a partial localization of the phonon 
and electron structures, known sometimes as “weak localization”11,12. Indeed, this disorder is the origin of the ∆σ 
measured here. To �rst order, it is customary to express the altered phonon spectrum as a somewhat localized 
superposition of the normal modes12. In the spirit of that approximation, our approach here will be to �nd an 
e�ective value of Tpo at each temperature, i.e., Tpo(T), that can correctly describe optical-phonon scattering in three 
independent experiments: ∆σ vs T, ∆σ vs B, and µH vs T.

Transport in both bulk and thin-�lm βGAO has been studied by several groups in the recent past8,10,16,17. 
Ma et al.16 demonstrated the critical mobility-limiting role of polar-optical phonons by analyzing µ vs T at  
n ~ 1017 cm−3, and also µ vs n at n ~ 1016–1019 cm−3 and at T ~ 77 K and 300 K. Among other things, they found 
that an e�ective value of kTpo ≈ 44 meV (511 K) gave a reasonable �t to a compilation (literature) of µ vs n data 
at 300 K. Also, in bulk, nondegenerate βGAO, Oishi et al. found that the high-temperature mobility is controlled 
by a single e�ective Tpo, although its value was unspeci�ed17. Finally, Ghosh and Singisetti carried out a rigorous 
calculation of µ vs T for an ordered, nondegenerate sample with n ~ 1017 cm−3, and theory agreed well with exper-
iment8. �ey included the e�ects of all the individual optical phonons and found that phonons of di�erent ener-
gies and polarizations a�ected the scattering in di�erent ways at di�erent temperatures. For example, an optical 
phonon of energy ≈ 21 meV (Tpo ≈ 244 K) dominated the mobility at 300 K8. At lower temperatures, other optical 
phonons became important and of course it was also necessary to add the scattering contributions of acoustic 
phonons and ionized impurities. In another theoretical work, Kang et al.10 performed �rst-principles calculations 
on the electron and phonon structures and also calculated scattering rates and mobilities. In agreement with the 
conclusions of Ghosh and Singisetti8, they showed that many phonons contribute to the scattering. Moreover, 
they pointed out the dominance of polar vs nonpolar optical scattering and showed that, contrary to other asser-
tions, the mobility does not have a large anisotropy. In principal, detailed and rigorous calculations such as those 
described above could be carried out for all lightly-doped, ordered βGAO samples; however, the disorder arising 
from heavily-doped samples will modify the actual phonon spectrum and require a more complicated analysis12.

We �rst consider the classical theory of µ vs T in degenerate semiconductors, standard in the literature18 
except for the treatment of optical-phonon scattering. (In the equations below, the e�ective mass m*, static die-
lectric constant ε0, and high-frequency dielectric constant ε1 were taken from ref.7 and the acoustic deformation 
constant E1 and longitudinal elastic constant cl from ref.16, noting that cl = ρdenss

2, where ρdens is the mass density 
and s is the speed of sound. �e only �tted parameter in our study is Tpo.) For degenerate materials, the domi-
nant scattering mechanisms are typically ionized impurities (“ii”), acoustic phonons (“ac”), and optical phonons 
(“po”). �e existence of degeneracy greatly simpli�es the calculations, because all scattering basically occurs at 
one energy, the Fermi energy, EF = (ħ2/2 m*)(3π2n)2/3, where ħ is the reduced Planck’s constant. For degenerate 
electrons, Matthiessen’s Rule14,18 applies exactly:

µ µ µ µ= 


+ + 


− − −
−

n N N T n N N n T n T( , , , ) ( , , ) ( , ) ( , )
(1)D A ii D A ac po

1 1 1
1

We will assume that the dominant donor has charge ZD, and the acceptor, ZA; then n = ZDND − ZANA
18. In our 

case, the dominant donor is the dopant SiGa, with ZD = 1. �e form of Eq. 1 assumes that a relaxation time τ can 

Figure 3. Magnetoconductivity ∆σ vs T, B = 10 kG, for βGAO and thin-�lm ScN. �e ScN is well �tted with a 
constant Tpo = 550 K, but the βGAO requires a function Tpo(T) = 1.6 × 103{1 − exp[−(T + 1)/170]} K.
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be de�ned for each scattering mechanism, i.e., µ = eτ/m*. �is criterion holds for elastic scattering (ii and ac) 
but not necessarily for inelastic scattering (po), discussed further below. From the degenerate Brooks-Herring 
ionized-impurity scattering theory14, µii can be written
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where Z2Nii ≡ Nii,e� = ZD
2ND + ZA

2NA, where Nii,e� is the e�ective concentration of ionized impurities18. [Note that 
Nii,e� is the only �tted parameter in Eq. 2, and from it we can calculate ND and NA: ND = (Nii,e� + nZA)/(1 + ZA) and 
NA = (Nii,e� − n)/ ZA (1 + ZA).] In Eq. 2, y(n) can be written14
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Equation 4 is well-known18, but Eq. 5 is not in the literature, to our knowledge. To derive Eq. 5, we begin with 
Eq. 17 in the theoretical paper19 of Howarth and Sondheimer (HS). �ese authors use a variational theory to 
show that even for polar optical phonon scattering a relaxation time τ(E) can be de�ned as long as T > Tpo. �is 
is an important result, but HS-Eq. 17 can be made more useful by including the concept of an e�ective charge, 
introduced earlier for materials that have partially-ionic/partially-covalent bonds20,21. We make use of the Callen 
e�ective charge ec

20, which can be written as ec
2 = (kTpo/ħ)2(ε0/ε1 − 1)Mra

3, where Mr is the reduced ion mass and 
a3 is the volume of the unit cell. (It turns out that both Mr and a3 cancel out in the �nal equation.) Besides substi-
tuting ec

2 for e2 we multiply HS-Eq. 17 by 4πε0 for conversion to MKS units.
For degenerate electrons, in which case scattering occurs only at the Fermi energy, Eq. 5 gives τ ∝ n1/3, a rela-

tionship also noted in earlier work22. For lower temperatures, i.e., T < Tpo, Eq. 5 must be corrected according to a 
table provided by HS19. For our calculated values of Tpo/T, shown below to range from about 5–10, the corrections 
are less than about 20%. �erefore, we will assume the approximate validity of Eq. 5 in order to maintain simplic-
ity and convenience. �is assumption is partially justi�ed by the fact that Eqns. 2–5 �t the experimental mobility 
data quite well, as shown in Fig. 2.

We next consider the quantum-based magnetoconductivity, ∆σ(B,T). Conductivity in disordered materials is 
a�ected by the wave nature of the electrons as they di�use and scatter from point to point. �is process is perhaps 
best understood in terms of Feynman’s approach to quantum mechanics, the path integral method. An electron 
di�using from point A to point B may have many potential paths, all of which must be included in a sum of 
amplitudes. Even if coherence is maintained, the phases in general will not add constructively because the travel 
distances will vary. However, there are some paths, those containing loops, for which a portion of the travel can 
generate constructive interference. �at is, one path can have the electron traversing in one direction around the 
loop, and a second path, in the other direction. Since exactly the same travel distance will occur for each, they will 
interfere constructively and thus be more probable than a similar path without a loop. �erefore, paths with loops 
are favored, and they will generate a certain amount of “backscattering” of the electron, which will reduce con-
ductance. (�is e�ect is not large; for our sample ∆σ/σ ≈ 0.004 at T = 9 K and B = 10 kG.) All of the discussion 
so far assumes that coherence is maintained during the loop travel, which is true if all of the scattering is elastic. 
However, as temperature is increased, inelastic scattering from the optical phonons will begin to a�ect the elec-
tron energy and randomize its phase. Also, the presence of a magnetic �eld will a�ect phase. Both of these e�ects 
are quanti�ed in the 3D perturbation theory of Kawabata13:
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where e2/2π2ħ = 1.23 × 10−5 S, is the so-called unit of quantum conductance. Also, l(B) = (ħ/eB)1/2 and


δ

τ π µ µ
= =B T

l B

T D T

e

n T T B
( , )

( )

4 ( ) ( )

3

4 (3 ) ( ) ( ) (7)po po

2

2 2/3

where τpo is the inelastic-scattering relaxation time and D(T) is the di�usion coe�cient. We have modi�ed Eq. 7 
by setting τpo = m*µpo/e and D = vF

2τ/3 = ħ2(3π2n)2/3µ/3em*, where µpo is given by Eq. 5 and n and µ are meas-
ured quantities. A remarkable consequence of Eq. 6 occurs in the limit of low T (which gives high µpo) and large 
B which renders δ ≪ 1 and
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�is result is independent of temperature or any material parameter!
Equation 6 is applied to experimental results for βGAO in Fig. 3, which displays ∆σ vs T at B = 10 kG. It is 

instructive to compare the same function in thin-�lm, degenerate ScN. Note that ScN has only two atoms per unit 
cell and thus only one optical branch, which can be represented by a single value of Tpo. As seen in Fig. 3, the value 
Tpo = 550 K �ts the ScN data very well. (A more detailed study of magnetoconductance in ScN will be presented 
elsewhere.) However, a single Tpo is not su�cient for βGAO, and indeed, we �nd the required Tpo, at a given T, 
by solving Eq. 6 as a transcendental equation with Tpo as the unknown. �e resulting points Tpo vs T are plotted 
in Fig. 4, and they can be reasonably well �tted by the relatively simple function Tpo(T) = 1.6 × 103{1 − exp[−
(T + 1)/170]} K, shown as a solid line. �e validity of this equation can then be further tested via an independent 
experiment, ∆σ(B, T) = σ(B, T) − σ(0,T) vs B, B = 0–8 kG, T = 9, 15, 20, and 25 K. (For this particular experi-
ment, 8 kG was the maximum �eld that could be used.) As seen in Fig. 5, the �t is excellent for T = 9, 15, and 20 K, 
and acceptable for T = 25 K, where the signal is rapidly decreasing due to inelastic scattering.

�e �nal test of Tpo(T) is its applicability in a third independent experiment, µH vs T, illustrated in Fig. 2. 
Here we apply Eqns 1–5, comparing three choices of Tpo in Eq. 5: 1000 K, 1400 K, or our derived function Tpo(T). 
�e �rst two values were chosen to bracket the potential �ts attained with Tpo = constant; however, neither is 
satisfactory, nor is any other constant value. On the other hand, the function Tpo(T) works very well. We are 
now le� with only one unknown in Eqns 1–5, Nii,e�, which turns out to be 5.97 × 1020 cm−3 from the solid-line 
�t shown in Fig. 2. We know that the dominant donor concentration ND = [SiGa], and we can speculate that the 
dominant acceptor is the Ga vacancy, VGa

23,24. �e latter, if isolated, would have a charge ZA = 3, but if complexed 
with Si, ZA could be 2, or even 1. As shown earlier, we can then calculate ND and NA from Nii,e�. Under the 

Figure 4. Experimental points: the required value of Tpo to �t ∆σ vs T, B = 10 kG, at each temperature T, for 
βGAO. Solid line: a �t of Tpo vs T, giving Tpo(T) = 1.6 × 103{1 − exp[−(T + 1)/170]} K.

Figure 5. Experimental points: magnetoconductivty ∆σ = σ(B) - σ(0) at temperatures T = 9, 15, 20, and 25 K. 
Solid lines: theoretical �ts with Tpo(T) = 1.6 × 103{1 − exp[−(T + 1)/170]} K.
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assumptions, ZD = 1 and ZA = 1, 2, or 3, the results are: ND = 3.57, 2.77, or 2.37 × 1020 cm−3; and NA = 2.40, 0.80, 
or 0.40 × 1020 cm−3, respectively. To decide among these three possibilities it would be helpful to determine [Si] 
from another source, such as secondary ion mass spectroscopy, and [VGa] from positron annihilation or electron 
paramagnetic resonance.

In summary, we have used the quantum-based magnetoconductivity ∆σ vs T to develop a function Tpo(T) that 
quantitatively explains not only ∆σ vs T but also ∆σ vs B and µH vs T in degenerate βGa2O3. We also showed that 
the behavior of σ, ∆σ, and µH in βGa2O3 is much di�erent than that in ScN, a simpler system for which a constant 
Tpo well explains both ∆σ vs T and µH vs T. �e methodology used to develop the function Tpo(T) is directly appli-
cable to other complex semiconductors.
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