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Abstract

®

CrossMark

The degradation of conductivity with increased Mg content for Mg,Zn,_,O wide bandgap
materials has always been a fundamental application-motivated research issue. Herein, the
study of self-compensating defects in Mg,Zn;_,O:F (0 < x < 0.29) thin films was performed
to reveal their influence on increased resistivity. Our observations solidly evidence that the
degradation of conductivity is mainly owing to the increased concentration of Zn vacancy
(Vzn)-related compensating defects in Mg,Zn; O alloys. The formation enthalpy of intrinsic
Vza defects decreases as Mg content (x) increases. Thus, the compensation ratio increases from
0.23 at x = 0 to 0.47 at x = 0.29, resulting in deteriorated conductivity in Mg,Zn;_,O alloys.
Cathodoluminescence (CL) spectra further confirm higher Vz, concentrations with increased
Mg content. The electron transport is demonstrated to be dominated by an ionized scattering
mechanism. Formation of F| S—V%; complexes could reduce the concentration of ionized
scattering centers and thus increase mobility. These results clarify the reason of increasingly
high resistivity in Mg,Zn;_,O, which is a long-sought-after physics problem in this area, and
provide crucial information on controlling the conductivity of Mg,Zn;_,O alloys.

Keywords: Zn vacancy, formation enthalpy, MgZnO, electron transport
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1. Introduction

Transparent conducting oxides, an important class of materials
for various optoelectronic devices, have been studied and
applied extensively in the field of liquid crystal displays,
organic light emitting diodes, and thin solar cells [1, 2].
Compared to the most widely used indium tin oxides, ZnO
is highlighted with a combination of abundant natural res-
ervation, nontoxicity, and high radiation resistance [1, 3,
4]. Moreover, the bandgap of ZnO can be delicately tuned
by alloying with MgO, from 3.37eV to 6.3eV, which is of
great importance in optimizing the performance of ultraviolet
photodetectors, transparent conductive electrodes, thin solar
cells, etc [5-8]. Similar to ZnO itself, MgZnO can be n-type
doped by substituting the cation lattice atoms with Al, Ga, or

1361-6463/17/065102+7$33.00

In [9-11], and substituting the anion lattice atoms with F [12].
However, a substantial and undesired decrease in both the car-
rier concentration (n) and the electron mobility () is observed
with increased Mg content, resulting in a rapid decrease in
conductivity [9—-11]. For example, in our previous work on
F-doped Mg,Zn;_,0, n decreased by a factor of three and
decreased by a factor of ten, yielding a 30-fold decrease in
conductivity as Mg content increases from x = 0 to 0.3 [12].
Although the degradation of conductivity in Mg,Zn;_,O
alloys is widely observed [9-11], no consensus has yet
been reached on the fundamental issue. For the decrease in
n, researchers have suggested an increasing donor activa-
tion energy owing to either a larger effective mass [10, 13]
or change of band structure [14]. A lowering of the active
donor concentration attributed to composition enrichment has

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) XRD 6-20 curves and (b) electrical properties of Mg,Zn;_,O:F (0 < x < 0.29) at room temperature.

been also reported [13, 15]. As mentioned above, 1 decreased
from 42cm? V~! s~ for F-doped ZnO to 3.6cm?> V~! s~ for
F-doped Mg 3Zng 70 [12]. Even under the assumption that a
fairly large increase of the effective mass from 0.3mg for ZnO
to 0.6my for Mg 3Zng70:F, an additional decrease of p by
a factor of about five must be carefully considered. This has
been attributed to alloy scattering [11, 16], impurity scattering
[13], and grain boundary scattering [17]. Since the degrada-
tion of conductivity with increased Mg content has largely
impeded the application of Mg,Zn;_,O-based devices, it is
highly desirable to understand the origin.

In this letter, the study of native defects in Mg,Zn,_,O:F
(0 £ x £ 0.29) thin films was performed. It is demonstrated via
theoretical analysis and experimental verification that a self-
compensation mechanism is responsible for the deteriorated
conductivity in Mg,Zn;_,O alloys. The formation enthalpy of
Zn vacancy (Vz,)-related compensating acceptors decreases
with increased Mg content (x). Therefore, the compensa-
tion ratio increases from 0.23 at x =0 to 0.47 at x = 0.29,
resulting in the deterioration of conductivity in Mg,Zn;_,O
alloys. Cathodoluminescence (CL) measurements further
confirm higher Vz, concentrations with increased Mg content.
The electron transport is demonstrated to be mainly limited by
ionized impurity scattering. Formation of F é—V%; complexes
could reduce the concentration of ionized scattering centers
and thus increase x from 10cm? V' s7'to 14cm? V~! s~! for
Mg.12Zn( gsO:F. These results clarify the reason of increas-
ingly high resistivity in Mg,Zn;_,O, which is a long-sought-
after physics problem in this area.

2. Experiments

Mg.Zn;_,O:F samples were synthesized on sapphire (000 1)
substrates by radio-frequency plasma-assisted molecular
beam epitaxy (rf-MBE) with a base pressure of ~10~'° mbar.
The commercially available ZnF, powder (99.995%, Alfa
Aesar) chosen as the doping source was firstly purified and
solidified to exclude the possibility of the incorporation of
unwanted impurities, and to meet the strict requirements of
rf-MBE the growth process. More growth details can be found

elsewhere [12, 18]. Reflection high-energy electron diffrac-
tion (RHEED) was utilized in situ to monitor the evolution
of crystalline structure and surface morphology of all epi-
layers (see figure S1 and additional graphs in supplemental
material®) (stacks.iop.org/JPhysd/50/065102/mmedia). The
bandgaps of Mg,Zn;_O:F samples were determined via
room-temperature transmittance spectroscopy (Cary 5000
System) to be 3.31eV, 3.34eV, 3.59¢V, and 4.08 eV, respec-
tively (see figure S2 in supplemental material*). According
to the standard bowling equation [19], i.e. E,(Mg,Zn;_,0) =
(I = x) X Eo(ZnO) + x x Es(MgO) — 2.01 x x(1 —x), the
Mg content (x) is estimated to be 0, 0.02, 0.12, and 0.29,
respectively. Here, E,(Mg,Zn;_,0), E,(ZnO), and E,(MgO)
denote the bandgaps of Mg,Zn;_,0, ZnO, and MgO, respec-
tively. X-ray diffraction (XRD) was performed using Cu Ko
radiation (Empyrean System). F concentration was determined
by secondary ion mass spectroscopy (SIMS) using a Hiden
MAXIM Analyser. The electrical properties of films were
characterized by temperature-dependent Hall (TDH) mea-
surements using a Lakeshore 7604 system and a HL5500PC
Hall effect measurement system at low and high temperature,
respectively. CL was used to evaluate the energy levels of
defects in samples (Quanta 400 FEG system). Electron beams
with incident energy Ep = SkeV excited electron-hole pairs
for peak CL excitation depth Uy = ~100nm for samples at
room temperature in an ultra-high vacuum.

3. Results and discussion

Figure 1(a) illustrates the XRD 6-26 curves of the F-doped
samples. The peaks diffracted from wurtzite Mg,Zn,_,O:F
(002) planes shift toward larger angles, implying a gradual
increase in Mg content in these films. Importantly, the appear-
ance of the only (002)-related peaks without any sign of cubic
MgZnO:F existence confirms the single wurtzite phase, con-
sistent with in sitru RHEED findings (figure S1 in the supple-
mental material’). Although the above results seem to indicate

3 See supplemental material for additional graphs.
4See footnote 3.
3 See footnote 3.
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Figure 2. Temperature-dependent Hall measurements showing (a)
carrier concentrations and (b) mobility for Mg 12Zn sgO:F.

that the crystalline structure was little affected by Mg content,
the electrical properties of these films, on the other hand, were
largely tuned by the incorporation of Mg. As illustrated in
figure 1(b), n and  decreased by a factor of ~8 and ~12 from
x =0 to x = 0.29, respectively, resulting in a two orders of
magnitude increase in resistivity.

Since the effect of Mg incorporation was mainly reflected
in the electrical properties, we will first take Mg 1,Zng ggO:F
as a typical sample for further electrical analysis. The film was
characterized by the TDH using the van der Pauw method in a
magnetic field of 5 kG and a temperature range of 20-300K.
The plots of n and p as a function of temperature are shown
in figure 2. It should be noted that n is essentially temperature
independent in the whole range. According to Arrhenius anal-
ysis [20, 21], the activation energy (Ep) is rather small, indi-
cating that F is indeed a shallow donor in Mgy 2Zng gsO and
the sample is degenerately doped. Although Ep of F dopants
is small, the measured doping efficiency is low. Specifically, n
is less than 20% of the F concentration. SIMS measurements
do not manifest any impurities except F with concentrations
larger than 10" cm™3 in the alloy films. Thus, we reject that
unintended extrinsic compensating acceptor dopants account
for the observed doping efficiency at this low level. Another
possible cause for the low doping efficiency is second phase
inclusions, but the structural measurements on the film suggest
that this is not the case. As illustrated in XRD (figure 1(a)) and
RHEED observations (figure S1), the film is highly epitaxial
and has no sign of secondary crystalline or amorphous phases.

Another important mechanism that could lead to the dete-
rioration of doping efficiency with increased Mg content is the
formation of self-compensating acceptors. Growing evidence
suggests that Vz, is the dominant compensating acceptor
in n-type ZnO, even when grown in Zn-rich conditions.
Theoretical approaches consistently indicate that Vz, accep-
tors have a low formation enthalpy when the Fermi level (Ef)
rises close to the conduction band minimum (CBM) in ZnO
[22-24]. Moreover, strong evidence of Vz, being the domi-
nant acceptor in ZnO have been reported, including positron

annihilation spectroscopy [25] and luminescence measure-
ments [26].

More precisely, the defect formation enthalpy AH; for Vz,
is given by

AH(V3,, 1, Er) = E(VL) — Ey+ o+ q(Er + Evem) (1)

where E(VZ ) is the total energy of the semiconductor with
Vzu in a charge state of ¢, and E,, is the energy of the perfect
host. Here, p, Ep, and Eypy are the atomic chemical poten-
tial, the Fermi level, and the valence band maximum, respec-
tively. Compared to ZnO, Mg,Zn;_,O possesses the same
wurtzite structure but a larger bandgap. Since the increased
bandgap along with increased Mg content is ~90% owing
to the significantly upward CBM [27], the corresponding
Er therefore would move up in Mg,Zn;_,O alloys accord-
ingly. Based on equation (1), the formation enthalpy of V,
is even lower when ¢ < 0 (i.e. Vz, acts as a compensating
acceptor) and Ef rises close to CBM, which is consistent
with the previous report [28]. Therefore, it can be expected
that Vz, will form more easily as Mg composition increases,
compensating the free electrons and acting as ionized scat-
tering centers.

Figure 2(b) shows the evolution of p as a function of
temperature. j varies slightly over the temperature range,
indicating that the dominant scattering mechanism should
be temperature independent. Applying the Matthiessen’s
rule to the degenerated case, p limited by specific scattering
mechanisms can be described by

w0 T) = ') + prpo(T) + i () + p(n, T)
+ fipg(n, T) + i, T) 2)

where (i, ftpo, [tAL, UBOs MPE, aNd Liap denote ionized impurity
scattering, polar optical phonon scattering, alloy scattering,
thermionic emission at grain boundaries in degenerate semi-
conductors, piezoelectric potential scattering, and acoustic
deformation potential scattering, respectively. Here, n and T
represent the carrier concentration and absolute temperature,
respectively. The expressions for pu, ftpo, AL, [BO, LipE, and
Lap are given by [16, 26, 29-31]

_ e hwo)
tpo(T) = Tpop® 2o [CXP( kBT) 1] (3)

Q@m)'2eh*N

(T) = 4
Har 3(m*)>2 \JkgT x(1 — x)(AE)? @)
T) =BT %
pgo(T) = BT exp T (5
23/27Tﬁ2€
WT)= —=2 " gy
HpE (m*)a/ngieekBT f (6)
whe)
n,T)= ———— FE¢(n) 2
Hap 272y 2 E ek T f 7
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Figure 3. (a) Analysis of the temperature-dependent mobility

to determine the scattering mechanisms in Mgy 12Zn sgO:F. The
triangle symbol indicates the measured data. The broken lines show
individual electron mobilities limited by ionized impurity scattering
(), polar optical phonon scattering (upo), alloy scattering

(paL), thermionic emission at grain boundaries in degenerate
semiconductors (upo), piezoelectric potential scattering (upg) and
acoustic deformation potential scattering (1ap). The red solid line
demonstrates the fitting result including all scattering mechanisms
based on Matthiesen’s rule.

where e, m*, hwq, kg, N, x,AE, €, Ppic, Ex(n), ¢;, and E; denote
the elementary charge, the effective mass, the energy of the
longitudinal optical phonon, the Boltzmann constant, the
number of atoms per unit volume, the fraction of the alloy
component, the energy difference between the conduction
band edges of ZnO and MgO, the static dielectric constant, the
unitless piezoelectric constant (0.21, assume the same as ZnO
[30]), the Fermi energy, given by the well-known formula
Ei(n) = (22m")(3n2n)*" [29], the longitudinal elastic con-
stant (1.4 x 10" N m~2, assume the same as ZnO [32]) and
the deformation potential (3.8eV, assume the same as ZnO
[26]). rpop is a slowly varying function of the temperature,
which is usually assumed to be 1. The parameter B is a con-
stant related to the grain size and electron concentration, and
¢, represents the activation energy. A set of combinations
of B and ¢, was found that fit the experimental results well.
The values of the above parameters can be found elsewhere
[16,26,29-37].Sincenistemperatureindependentasillustrated
in figure 2(a), yy (n) could be reasonably assumed a constant
in the whole temperature range. Other mechanisms such as
dislocation scattering and neutral impurity scattering, which
are rarely used in transparent conductors, can be neglected
for the heavily doped case [38, 39]. According to the fitting
results shown in figure 3, p limited by the ionized impurity
scattering is the lowest among the mobilities limited by the
specific scatterings. Therefore, the ionized impurity scattering
is the dominant mechanism for the low electron mobility in
Mg 12Zn gsO:F. Note that Taniyasu er al reported a large
donor ionization energy of 254 meV and the neutral impurity
scattering mechanism in Si-doped AIN [21]. Considering the
shallow donor level of F dopants in Mg,Zn;_,O, the dominant
ionized scattering is physically reasonable in our case. Similar
results have been widely found in heavily doped ZnO [40-43].

To quantitatively determine the concentration of ionized
scattering centers in Mg 12Zng ggO:F, the formalism of Look
et al [26] for modeling self-compensation in degenerate semi-
conductors was adopted. It can be reasonably assumed that
F donors are the only dopants and exist as fully ionized F{
donors. Therefore, p; can be described by Brook—Herring

(B-H) theory as

Z Zzni

n

_ _ LN,
11y (n) = g5 (n) = ul()l(n); 8)

where n and N; represent the carrier concentration and the
total concentration of ionized impurities of charge Z, respec-
tively. po is given by

2473213 1

Prp(n) = "
Sm? (14Tl - o O
where
3134780321132
L(n) = ———— (10)
e‘m

Here ¢, R, e, and m* denote the static dielectric constant,
the reduced Planck constant, the elementary charge, and the
effective mass, respectively. Therefore, N is determined to be
1.4 x 10%° cm~3, which is obviously larger than the carrier
concentration (n = 1.72 x 10" ¢cm™3) and F concentration
([F1 = 9.0 x 10" cm™%). Thus, the mobility analysis inde-
pendently confirms the existence of ionized scattering centers
other than F¢. Combined with the above analysis of low
doping efficiency, it could be concluded that the negatively-
charged compensating V%; defects partially constitute the ion-
ized scattering centers and thus affect the electron transport.

If F§ and V%; are simply considered to be isolated in
Mgy .1,Zng g3O:F, the concentration of V%; can be determined
via the following two methods independently. Firstly, consid-
ering the charge neutrality condition n = Ng — 2Nz, where Ng
and N, denote the concentration of F¢ and V%;, respectively,
Nz, can be calculated as 3.64 x 10' cm~3. Secondly, through
the total ionized concentration relation N; = N + 4Nz,, we
can obtain Nz, = 1.25 x 10" cm~3, which is not consistent
with the previous result. Note that F atoms start to diffuse
around 673K in ZnO [44], which is well below the growth
temperature of 723 K. Therefore, it could be reasonably
assumed that F dopants effectively migrate close to V%; and
forms complexes of F’ g—V%; during growth. To quantitively
determine the concentrations, the charge neutrality condition
and the total ionized concentration relation can be rewritten as

n = Ng — 2Nz, — Np_z, (11)

N; = Ng + 4Nzn + Ne_zn (12)

where Np_z, represents the concentration of F&-V%, com-
plexes. Moreover, the conservation of F dopants yields

[F]1 = Nr + Nr_za (13)

Thus, Ng, Nz,, and Np_z, are determined to be 6.66 x 10"
ecm ™3, 1.26 x 10" cm ™3, and 2.34 x 10" cm~3, respectively,
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Figure 4. Concentrations of F{, V%;, and F' B—V%; complexes as a
function of temperature for Mg 1,Zng gsO:F.

which are physically reasonable values and comparable with
previously reported ones for degenerate ZnO [26, 45]. The
total concentration of V%;-related acceptors (Nzn + Np_zn)
exceeds 3 x 10" cm™3, resulting in low doping efficiency.

To investigate the behavior of defects as a function of
temperature, the electrical properties of Mgy 1,Zng gsO:F were
characterized in a higher temperature range of 553-863K. n
and p as a function of temperature were obtained (figure S3
in supplementary materials®). Based on equations (11)—(13),
the concentrations of defects—FJ, V%;, and F 3—V%;—were
also obtained as a function of temperature, as illustrated in
figure 4. The results reveal three regions: (i) below the growth
temperature (<723 K), each of the defects changes slightly,
which may be attributed to the low diffusivity of F dopants at
low temperatures; (ii) in the range of 723-823 K, F dopants
diffuse and form complexes of F 6—V%;, resulting in the
decreased concentration of isolated F; and V5. Moreover, the
total ionized concentration N; decreases from 1.6 x 10%° cm ™3
at 723K t0 9.7 x 10" cm~3 at 823 K, indicating reduced ion-
ized scattering to the electron transport. Thus, mobility should
increase after complex formation, which is consistent with the
measured results (figure S3 in the supplemental material’);
(iii) F dopants could escape from the sample around 873K,
which well agrees with a previous report [44]. Therefore, the
abnormal results above 823K are attributed to the case that
cannot be applicable to equation (13).

The effect of Mg composition on the defects have been fur-
ther investigated for Mg,Zn;_,O:F (0 < x £ 0.29). As shown
in figure 5(a), the concentrations of V%; and F' 6—V%; increase
as a function of Mg content, while the concentration of F¢
shows the opposite trend. The acceptor/donor concentration
ratio K = Na/Np largely increases from 0.23 at x = 0 to 0.47
at x = 0.29, as illustrated in figure 5(b). Considering that
each V%; can compensate two electrons donated from F{, the

% See footnote 3.
7 See footnote 3.

compensation ratio K = 0.47 at x = 0.29 indicates that over
90% of F dopants become ‘inactive’ in the sample. Thus,
Mg, Zn;_,O would exhibit notably high resistance when the
Mg content is even higher (x > 0.4), which is consistent with
many observations [46—48].

Optical evidence found in CL measurements also verify
higher Vz, concentrations with increased Mg content. As
illustrated in figure 6, the peak positions in the near-band-
edge (NBE) region exhibit a blueshift as the Mg content
increases from x = 0 up to x = 0.29. More importantly, the
peaks related to deep defect emissions are at ~1.63eV and
~1.89eV for ZnO and Mgj29Zng7,0:F, respectively. Dong
et al pointed out that emission bands in the 1.6-2.1eV region
correlate well with V7, concentrations in depth-resolved CL
measurements [49], which is in good agreement with our
results. The normalization of defect emission peak intensities
Ip to NBE emission intensities Ingg (/p/Ingg) largely increase
from 0.22 for ZnO to 0.90 for Mg 29Zny7;0:F, indicating
the increased concentration of Vz, with increased Mg con-
tent [26]. More quantitatively, we might associate the ratio
of Ip/Inge With the compensation ratio K. Ip/Ingg is deter-
mined to be 0.22, 0.24, and 0.46 for ZnO, Mg 02Zng 93O:F,
and Mg 12ZnoggO:F, respectively, consistent with the
corresponding compensation ratio K (0.23, 0.22, and 0.40,
respectively). Exceptionally, the Ip/Ingg ratio (0.90) is larger
than that of K (0.47) for Mgy 290Zng7,0:F, which might be
attributed to some factors affecting the recombination pro-
cess for Mg,Zn;_,O alloys [50]. Note that other deeper
emissions located at ~2.05eV and ~2.33eV are also found
for Mgp.12Zng 3sO:F and Mg 29Zng 7,0:F, respectively. For
Mgo.02Znp9sO:F on the other hand, this emission seems
absent, but plausibly exists owing to the non-symmetric
peak shape and the unsatisfying fitting result. Considering
higher concentrations of V%;- and F g—V%; complexes with
increased Mg content as shown in figure 5(a), this energy
level can be assigned to Vg, clusters or related complexes
since the emission energies for vacancy clusters are signifi-
cantly higher [49].

4. Conclusion

In conclusion, the study of self-compensating defects in
Mg,Zn;_O:F (0 < x <£0.29) thin films is performed. Based
on the theoretical formalism and experimental verification, it
is demonstrated that the main cause of the deteriorated con-
ductivity along with increased Mg content is the increased
formation of V%;—related compensating defects in Mg,Zn; O
alloys. The compensation ratio K increases from 0.23 atx = 0
to 0.47 at x = 0.29, which is further confirmed by CL mea-
surements. The electron transport is mainly limited by ion-
ized impurity scattering. Formation of F 6—V%; complexes
could decrease the concentration of ionized scattering cen-
ters and thus increase 4 from 10cm? V™! s7! to 14cm? V™!
s~! for Mgy 12Zn gsO:F. These results clarify the reason of
increasingly high resistivity in Mg,Zn,_,O, which is a long-
sought-after physics problem in this area, and provide crucial
information on controlling the conductivity of Mg,Zn;_,O.
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also shown.

Moreover, the dopant-defect pairing methodology could be
applicable to other wide bandgap semiconductors as well to

improve the performance of high-frequency devices, and thus
is of general interest to the semiconductor physics community.
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