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  1.     Introduction 

 Alloying Mg into ZnO increases the room-temperature band 
gap energy from ≈3.3 eV for ZnO to ≈3.8 eV for Zn 0.7 Mg 0.3 O. [ 1 ]  
Also, like ZnO itself, Zn(Mg)O can be degenerately doped 
n-type by substitutional doping on the cation lattice with Al, 
Ga or In. [ 2–4 ]  Accordingly, Mg-substituted ZnO (Zn 1− x  Mg  x  O) 
is a candidate band-gap-energy tunable and band-edge-energy 
tunable transparent conducting oxide (TCO). This tunability 
is of great use in optimizing the performance of many opto-
electonic devices. [ 5–12 ]  However, a substantial and usually 

undesired decrease in the maximum 
obtainable conductivity is observed with 
increasing Mg content. [ 2–4,13–16 ]  For thin 
fi lms grown by physical vapor deposi-
tion methods, Zn 1− x  Mg  x  O retains the 
ZnO wurtzite structure for Mg content 
up to  x  ≈ 0.35. [ 1,14 ]  Across this composi-
tional range, the highest conductivities 
(σ) reported for doped Zn(Mg)O epitaxial 
fi lms on single crystal sapphire substrates 
decrease from  σ  ≈ 10 000 S cm −1  for  x  = 0 
 [ 17–19 ]  to  σ  ≈ 1500 S cm −1  for  x  = 0.1 [ 2,13,14 ]  
to  σ  ≈ 300 S cm −1  for  x  = 0.3. [ 2,13,14 ]  Hall-
effect measurements show that decreases 
in both the free carrier concentration ( n ) 
and the electron mobility ( μ ) contribute 
to the decrease in conductivity. [ 2,14 ]  For 
example, in our prior work on 1% Ga-
doped Zn(Mg)O,  n  decreased by a factor 
of 2 and  μ  decreased by a factor of 2.5 
yielding a fi ve-fold reduction in the con-
ductivity as the Mg content increased 
from  x  = 0.1 to 0.3. [ 14 ]  

 While the reduction of conductivity in ZnMgO alloys is 
widely observed, [ 2–4,13–16 ]  there is no consensus as to the fun-
damental cause. For the decrease in the free carrier concentra-
tion, both an increasing donor activation energy due to either a 
larger effective mass [ 2,16,20 ]  or change of band structure, [ 21 ]  and 
a lowering of the active donor concentration due to composi-
tion enrichment [ 2,22 ]  have been suggested. There is also a sub-
stantial decrease in the mobility from  μ  ≈ 48 cm 2  V −1  s −1  for 
Al-doped ZnO [ 17 ]  to  μ  ≈ 9 cm 2  V −1  s −1  for Ga-doped Zn 0.7 Mg 0.3 O 
fi lms. [ 14 ]  Even when a fairly large increase of the effective mass 
from 0.3  m  e  in ZnO to ≈0.6  m  e  in Zn 0.7 Mg 0.3 O [ 20 ]  is assumed, 
an additional reduction by a factor of 2.5 needs to be accounted 
for, and has been variously attributed to increased alloy scat-
tering, [ 3,23 ]  increasing impurity scattering, [ 2 ]  and enhanced 
grain boundary scattering due to fewer carriers. [ 4 ]  

 Using combined material synthesis, electrical transport 
measurements and fi rst-principles theory, we here demonstrate 
that the reduction in conductivity in high quality epitaxial Ga-
doped Zn 0.7 Mg 0.3 O thin fi lms is dominated by an increased 
self-compensation and reduced doping effi ciency compared 
to ZnO. However, the formation of intrinsic compensating 
acceptors, generally attributed to Zn vacancies  V  Zn , [ 24–29 ]  leads 
not only to a reduction of the doping effi ciency, but also to a 
reduced mobility due to the additional ionized impurity scat-
tering centers. Given that a higher degree of self-compensation 
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supercells, thereby obtaining the approximate predictions for 
the composition dependence of the band gap  E  g , the effective 
mass  m *, and the dielectric constant  ε.  In a related theoretical 
work, [ 35 ]  the alloy problem was addressed instead by a cluster 
expansion approach for the calculation of confi gurational aver-
ages. However, our approach here also enables the self-con-
sistent band gap corrected calculations of defects in the SCA 
(see below). 

 The composition dependence of the band gap energy is usu-
ally expressed up to quadratic order,

 
( ) (1 ) (1 )g g

ZnO
g
MgO-wz= − ⋅ + ⋅ + ⋅ −E x x E x E b x x

  (2)   

 where our calculations give the band gap of ZnO as  E  g  ZnO  = 
3.31 eV, and the band gap of the hypothetical MgO wurtzite 
phase as  E  g  MgO-wz  = 5.65 eV. The bowing parameter  b  = 0.07 eV 
is very small, indicating essentially a linear variation of  E  g  with 
composition. The values of  E  g ,  m *, and  ε  for ZnO, as well as 
their linear variation with the Mg composition  x  are given in 
 Table   1  along with a list of experimental data from the litera-
ture for comparison. When using the theory data in Table  1  to 
calculate the donor ionization energy  E  i  of ZnO in the EMA 
(Equation   1)  , we obtain 97 meV. This result is somewhat larger 
than the expected value of 55 meV based on the experimen-
tally determined materials parameters. This discrepancy is due 
to an overestimated effective mass and an underestimation of 
the dielectric constant (Table  1 ). Despite the quantitative differ-
ence due to the sensitivity of the EMA energy on the materials 
parameters (note the reciprocal quadratic dependence on  ε  in 
Equation   1)  , we expect that the calculations should still effec-
tively capture the qualitative trends and relative changes with 
composition. Specifi cally, we predict that at the composition 
 x  = 0.3 used for the experimental fi lm fabrication in this work, 
the ionization energy  E  i  EMA  is increased by about 50%.  

 In order to address the question whether the common group 
III dopants in ZnO and ZnMgO, that is, Al, Ga, and In, remain 
effective-mass-like donors with increasing Mg composition, we 
calculated the donor ionization energies also in the SCA. We 
fi nd that for Al and Ga the SCA does not predict a signifi cant 
increase of the donor binding energy over the EMA, suggesting 
that these dopants act like hydrogenic donors in Zn 1− x  Mg  x  O 
alloys over the entire studied composition range up to  x  = 0.5. 
However, In donors exhibit a pronounced deep level character 
for Mg compositions above  x  ≥ 0.4. The calculated donor levels 
for these dopants as a function of  x  is shown in  Figure    1   rela-
tive to the conduction band minimum (CBM) and valence band 
maximum (VBM).  

 An inspection of the character of the wave function for the 
In case suggests that the In-5 s  orbital hybridizes with the CBM 

is diffi cult to avoid in wider gap ZnMgO alloys, we study here 
the possibility of reducing the total scattering centers by pairing 
charged dopants and defects to form defect pairs and com-
plexes in lower charge states. The observed 50% increase in 
mobility upon annealing for Ga-doped Zn 0.7 Mg 0.3 O thin fi lms 
is attributed to such defect pairing. Further, this dopant-defect 
pairing strategy should be applicable to other wide-band-gap 
semiconductors as well, in particular when non-equilibrium 
growth causes a more random distribution of charged defect 
centers than expected for equilibrium growth.   

 2.     Donor Levels in ZnMgO Alloys (Theory) 

 We fi rst investigate theoretically whether the composition 
dependence of the donor ionization energies affects the elec-
trical properties of ZnMgO alloys. Particularly, the donor ioni-
zation energy of Al, Ga, and In, the common group III dopants 
in ZnO and ZnMgO, are calculated both via the well-established 
effective-mass approximation (EMA) and supercell approach 
(SCA). [ 30 ]  Within the EMA, the ionization energy depends only 
on the effective mass  m  *  of the majority charge carriers (here, 
electrons) and the dielectric constant  ε .

 
E
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ε ε
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d

*
e
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 Notably, these parameters are properties of the semicon-
ductor host materials, and are independent of the chemical spe-
cies used for doping (e.g., Al, Ga, In in ZnO). The EMA holds 
for shallow, hydrogenic donor levels, but breaks down when the 
defect state becomes deep and localized. In this case, the SCA 
is more appropriate for the prediction of the donor ionization 
energy. 

 The materials parameters  m * and ε, which determine the 
donor ionization energy in the EMA, are well established for 
ZnO, and recent experiments have examined their composition 
dependence in ZnMgO alloys. [ 20,31 ]  The theoretical prediction 
of the band-structure properties of such alloys is challenging, 
because accurate GW quasiparticle energy calculations [ 32,33 ]  are 
computationally demanding, limiting their application pres-
ently to crystal structures with relatively small unit cells. There-
fore, we employ here a density functional theory (DFT) based 
approach with empirical on-site potentials, [ 34 ]  which avoids the 
common band gap problem of standard local density calcula-
tions. The empirical potential terms are fi tted to GW reference 
calculations for pure ZnO and MgO (see also Computational 
Methods section below). Using this method, we performed 
calculations of random alloy confi gurations in 192 atom 

  Table 1.    The band gap, effective electron mass, and dielectric constant of ZnO and the linear variation (d/d x ) thereof with the Mg composition  x . The 
computational results (theory) or the present work are compared with experimental literature data.  

ZnO  E  g  
[eV]

d/d x   E  g  
[eV]

ZnO  m */ m  e d/d x   m */ m  e ZnO  ε/ε  0 d/d x   ε/ε  0 

Theory a) 3.31 2.0 0.39 0.22 7.39 –3.2

Experimental data 3.32[ 36 ] 2.27[ 37 ] 0.27[ 38 ] 0.90[ 20 ] 8.15[ 39 ] –1.8[ 31 ]

  a) Calculation results from this work.   
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of the slight increase observed with increasing temperature 
yields an activation-energy of less than 1 meV, much less than 
the expected 55 meV binding energy for a simply hydrogenic 
donor in Zn 0.7 Mg 0.3 O. This observation, combined with the 
high measured carrier concentration , n  ≈ 2 × 10 20  cm −3  indi-
cates that Ga is indeed a shallow dopant in Zn 0.7 Mg 0.3 O and 
that the resulting samples are degenerately doped.  

 Despite the small ionization energy of the Ga dopant, the 
measured doping effi ciency is rather low. Specifi cally, the car-
rier concentration is only 40% of the Ga concentration, which 
was independently measured in the deposited fi lms by both ICP 
and XRF and determined to be 1.1 at% ( N  Ga  = 4.9 × 10 20  cm −3 ). 
ICP, XRF, and EDX compositional analyses do not indicate any 
impurities besides Ga with concentrations larger than 10 20  cm −3  
in the deposited fi lms. Thus, the potential presence of unin-
tended extrinsic compensating acceptors at the level needed to 
account for the observed doping effi ciency is excluded. Another 
possible cause for the low doping effi ciency is extended defects 
(e.g., second phase inclusions, grain boundaries), but struc-
tural measurements on these fi lms suggest that this is not the 
case. Specifi cally, characterization of the fi lms using XRD pole 
fi gure, HRTEM, and Selected Area Diffraction Pattern (SADP) 
show that the fi lms are highly epitaxial and have no sign of sec-
ondary crystalline or amorphous phases. Furthermore, atomic-
resolution EDX scans show that the Zn and Mg atoms are dis-
tributed homogeneously throughout the fi lms. 

 Another important mechanism that could lead to dete-
rioration of the doping effi ciency with increasing Mg com-
position is the formation of compensating defects. There is a 
growing body of evidence that Zn vacancies are the dominant 
compensating acceptors in n-type ZnO, even when grown 
in oxygen-poor atmospheres chosen to promote high carrier 
concentration. Theory predicts a low formation energy for 
charged  V  Zn  2−  defects when the Fermi level rises close to the 
conduction band in n-type ZnO. [ 24–26 ]  Despite the challenge to 
directly measure point defect distributions, strong experimental 

to form a donor state with a large central-cell contribution [ 40 ]  
that enhances the localization at the In site. For the case of 
the Al and Ga donors, which have spatially less extended 
 s -orbitals, this hybridization is negligible, and so they retain 
their effective-mass-like donor character. Notably, this trend is 
also refl ected in the slight variation of the experimental ioniza-
tion energies for Al, Ga, and In in pure ZnO, which have been 
measured by photoluminescence to be 53, 54.5, and 63.2 meV, 
respectively. [ 41 ]  The results of the calculations then indicate that 
there is only a modest effect on the electrical properties due to 
the gradual increase of the effective hydrogenic binding energy, 
except for the case of In, where a considerable increase of ioni-
zation energy at high Mg composition could limit the conduc-
tivity more severely.   

 3.     Electrical Properties (Experiment) 

 The samples for the experimental studies were epitaxial 
Zn 0.7 Mg 0.29 Ga 0.01 O thin fi lms deposited from solid oxide targets 
by pulsed laser deposition on single crystal c-plane sapphire 
substrates at a temperature of 400 °C. The chamber atmosphere 
for the depositions was 1 × 10 −5  Torr O 2  and 1 × 10 −3  Torr Ar 
with anneals performed at 400 °C in a pO 2  = 10 −7  Torr atmos-
phere. In preliminary experiments (not shown), the oxygen par-
tial pressure during growth was varied over the range 10 −7  < 
pO 2  < 10 −2  Torr. For pO 2  > 10 −4  Torr, the room temperature car-
rier concentration ( n ) and conductivity ( σ ) increase rapidly with 
decreasing pO 2 . For the pO 2  < 10 −4  Torr, the conductivity, carrier 
concentration and mobility (μ) are all nearly constant. Accord-
ingly, samples grown at pO 2  = 10 −5  Torr are taken to be repre-
sentative of these higher conductivity Zn 0.7 Mg 0.29 Ga 0.01 O fi lms. 
Additional details are provided in the methodology section. 

 The carrier concentration and mobility measured by Hall 
effect as a function of measurement temperature ( T ) are shown 
in  Figure    2  . First, we note that the carrier concentration is 
essentially temperature independent, varying less than 5% over 
the temperature range 10 <  T  < 300 K. An Arrhenius analysis 

   Figure 1.     The variation of the band gap energy with composition in 
Zn 1− x  Mg  x  O alloys, obtained in a self-consistent band-gap corrected DFT 
calculation employing empirical on-site potentials, showing also the 
donor levels for Al, Ga, and In. 

   Figure 2.     Temperature dependent Hall effect measurements showing 
a) carrier concentration and b) mobility for Zn 0.7 Mg 0.29 Ga 0.01 O. 
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scattering mechanism is ionized impurities ( μ  ii ) with the next 
strongest scattering processes being optical phonon scattering 
( μ  pop ) and thermionic emission at the grain boundaries ( μ  bdry ) 
depending on the temperature. Scattering due to acoustic 
phonon scattering ( μ  ac ) and piezoelectric phonon scattering 
( μ  pie ) are weaker still. Similar results have been widely found in 
heavily doped ZnO and further details are provided in the Sup-
porting Information.  

 We also considered alloy scattering, which has previously 
been used to explain the additional scattering in Al-doped 
Zn 0.88 Mg 0.12 O thin fi lms. [ 23 ]  A strict application of the same 
alloy scattering formalism [ 44 ]  but with material parameters 
appropriate for Zn 0.7 Mg 0.3 O suggests that alloy scattering 
would be the next most signifi cant scattering process after 
ionized impurity scattering with  μ  alloy  ≈ 30 cm 2  V –1  s –1  at 
 T  = 300 K. However, this model is intended for nearly intrinsic 
semiconductors, not degenerately doped materials where there 
is substantial screening due to free carriers. Further,  μ  alloy  ∝ 
 T  −1/2  which would result in a temperature dependence both 
opposite in sign and 25 times larger than the one observed (see 
Figure  2 b). As a result, we believe that any alloy scattering pre-
sent must be small compared to the temperature independent 
ionized impurity scattering. 

 Based on this analysis of the transport data we conclude that 
temperature-independent ionized impurity scattering is by far 
the dominant effect limiting the electron mobility. Hence, from 
here forward, we focus on better understating the possible 
sources of ionized impurity scattering in Ga-doped Zn 0.7 Mg 0.3 O 
and how, if at all, this scattering might be reduced. Accordingly, 
we adopted the formalism of Look et al. [ 28 ]  for modeling self-
compensation in degenerate semiconductors. We assume that 
Ga donors are the only dopants and exist as fully ionized Ga Zn  +  
defects. Therefore, the ionized impurity scattering can be calcu-
lated by the Brooks-Herring (B-H) theory as

 
n n n n Z nμ μ=( , ) ( ) /ii ii ii0

2
ii   (3) 

 where  n  ii  is the concentration of ionized impurities of charge  Z , 
 n  the charged carrier concentration, and  μ  ii0 ( n ) is given by

 

n
e m y n

y n

y n

μ π ε=
+ −

+

( )
24 1

ln[1 ( )]
( )

1 ( )

ii0

3
0
2 3

3 *2

�

  

(4)

 

 where

 
y n

n

e m

π ε=( )
3 41/3 8/3

0
2 1/3

2 *

�

  
(5)

   

 In the case of multiple types of scattering centers, Equation   3   
can be generalized by implementing Matthiessen’s rule:
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 According to literature, the static dielectric constant ε of 
Zn 0.7 Mg 0.3 O is 7.2 ε  0  [ 31 ]  and the effective mass  m * of Zn 0.7 Mg 0.3 O 
is 0.57  m  0 . [ 20 ]    Since  μ  ii  is approximately 12.2 cm 2  V –1  s –1  (Figure  3 ), 
 N  ii  can be calculated as 6.7 × 10 20  cm −3 , which is much 
larger than the free carrier concentration (1.96 × 10 20  cm −3 ). 

evidence for  V  Zn  as the main acceptors in n-type ZnO have 
been reported, including positron annihilation and lumines-
cence measurements. [ 27,28 ]  In ZnMgO alloys, the increase of the 
band gap with Mg composition is mostly due to an increase of 
the CBM energy, according to our results shown in Figure  1 . 
Note that the change of the band edge energies with Mg com-
position is given with respect to the average electrostatic poten-
tial of ZnO, which is a suitable reference for the formation 
energy of charged defects. [ 42 ]  The increase of the CBM energy 
is expected to further lower the formation energy of charged 
 V  Zn  2−  defects, as the Fermi energy increases accordingly for a 
given electron concentration. Although the concentration of 
compensating defects can be far away from those described by 
the defect-equilibrium, [ 43 ]  it can nevertheless be expected that 
 V  Zn  defects will form more easily with increasing Mg compo-
sition, compensating the free electrons and acting as ionized 
impurity scattering centers.   

 4.     Defect Model for Charged Impurity Scattering 

 Figure  2 b shows the change of Hall mobility as a function 
of temperature. The mobility increases slowly with temper-
ature from 10 K to 250 K then slightly decreases with a fur-
ther increase in temperature. However, the total variation of 
mobility within the 10 K to 300 K temperature range is only 
≈2%. Accordingly, the major scattering mechanism must be 
temperature-independent and the electron transport only 
slightly infl uenced by other secondary temperature dependent 
scattering mechanisms. To quantify this, we have fi t the tem-
perature dependence of the measured Hall mobility including 
contributions from different candidate scattering mechanisms. 
The results of this analysis are shown in  Figure    3  . The major 

   Figure 3.     Analysis of the temperature-dependent mobility to examine the 
scattering mechanisms that contribute to the as-measured Hall mobility 
from Figure  2 b (fi lled circles), broken down into different scattering 
mechanisms. The best fi t is obtained for an ionized scattering center 
concentration  N  ii  = 6.7 × 10 20  cm −3 . 
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 In order to determine the individual concentrations of 
the different defect centers from the available experimental 
data, we assume that the concentration of the fully passivated 
(2Ga Zn  –  V  Zn ) 0  complex is small in the as-grown fi lms. This 
assumption is justifi ed by the fact that the direct formation of 
this three-defect complex is statistically rather unlikely, as its 
formation requires diffusion of the Ga impurities. However, 
since cation diffusion occurs via a vacancy mechanism, [ 48,49 ]  
the Ga diffusion should be slower than the self-diffusion (i.e., 
the  V  Zn  diffusion) due to the small impurity to host–cation 
ratio. Thus, we can initially reduce the types of defect centers 
to three, that is, Ga Zn  + ,  V  Zn  −2  and (Ga Zn  –  V  Zn )  − , which allows 
calculating the individual concentrations of these centers as 
follows. 

 First, we can feed  N  ii  = 6.7 × 10 20  cm −3 , calculated from 
mobility analysis, into Equation  ( 9)   to obtain one relationship. 
In addition, considering the charge neutrality condition and the 
conservation of Ga atoms yields two additional relationships,

 n N N N= − − 2 , andGa Ga-V V   (10)  

 N N N= +Ga
Tot

Ga Ga-V   (11) 

 where  n  = 1.96 × 10 20  cm −3  and  N  Ga  Tot  = 4.9 × 10 20  cm −3  as deter-
mined above. Solving Equations  (9 )  – ( 11)   for  N  V ,  N  Ga  -  V , and  N  Ga  
yields  N  V  = 4.5 × 10 19  cm −3 ,  N  Ga-V  = 1.0 × 10 20  cm −3  ,   N  Ga  = 3.9 × 
10 20  cm −3 . These are physically reasonable values, comparable 
with the values previously reported for degenerate ZnO, [ 28 ]  and 
they consistently explain within the ionized impurity scattering 
model the quantitative values of the measured mobility and car-
rier concentration. 

 By comparison, the concentrations  N V   and  N  Ga- V   of the 
charged centers, determined by this modeling, are much higher 
than expected for thermodynamic equilibrium (Figure  4 ) at the 
growth temperature  T  = 400 °C, where virtually all  V  Zn  defects 

Thus, the mobility analysis independently confi rms the exist-
ence of ionized defects other than Ga Zn  + , which is consistent 
with the conclusion above that the low doping effi ciency is 
caused by the formation of negatively-charged compensating 
 V  Zn  2−  defects. 

 Oppositely charged defects tend to form pairs and com-
plexes, [ 45 ]  thereby changing the charge and the number of ion-
ized impurities. In particular, the complex formation between 
group III donors and cation vacancies in n-doped II-VI semi-
conductors has been confi rmed via measurements [ 46 ]  and calcu-
lation [ 47 ]  of hyperfi ne interaction parameters. Thus, in addition 
to the intentional Ga Zn  +  dopant and the compensating  V  Zn  2−  
defect, we have to consider the singly charged (Ga Zn  –  V  Zn ) −  and 
the charge-neutral (2Ga Zn  –  V  Zn ) 0  defect clusters. [ 26,28,29 ]  In order 
to determine the expected relative abundance of the charged 
scattering centers, we next calculate their thermodynamic equi-
librium concentration as a function of temperature. The binding 
energies of the (Ga Zn  –  V  Zn ) −  and (2Ga Zn  –  V  Zn ) 0  complexes in 
Zn 0.7 Mg 0.3 O are assumed to be the same as in ZnO, which were 
calculated in a DFT supercell approach to be  E  b1  = –1.1 eV and 
 E  b2  = –1.8 eV, respectively, relative to the isolated defect spe-
cies. [ 43 ]  The total Ga Zn  concentration  N  Ga  Tot  is taken to be the 
measured Ga concentration ( N  Ga  Tot  = 4.9 × 10 20  cm −3 ), and since 
each  V  Zn  defect compensates two Ga dopants (irrespective of the 
isolated or defect pair confi guration), the total zinc vacancy con-
centration  N   V   Tot  is determined from the Ga concentration and 
the measured carrier concentration as  N   V   Tot  = ½( N  Ga  Tot  –  n ). The 
defect cluster concentrations as a function of temperature are 
then calculated by applying the law of mass action.

 N N N E kTV V= × × −exp( / )Ga- Ga b1   (7)  

 N N N E kTV V= × × −exp( / )2Ga- Ga
2

b2   (8) 

 Here,  N  Ga ,  N   V  , are the concentrations of the isolated 
(unpaired) Ga Zn  +  dopants and  V  Zn  2−  defects, and  N  Ga- V   
and  N  2Ga- V   are the concentrations of the (Ga Zn  –  V  Zn ) −  and 
(2Ga Zn  –  V  Zn ) 0  complexes, respectively. 

 As seen in  Figure    4  , the large thermodynamic driving force 
for the Ga Zn  defects to pair with intrinsic  V  Zn  defects leads, in 
an equilibrium situation below 1000 °C, to a complete pairing 
of  V  Zn  defects. It is clear such equilibrium state also minimizes 
the ionized impurity scattering as refl ected by the reduction of 
the  N  ii , when considering the quadratic dependence of the scat-
tering strength on the defect charge in Equation (  6  ):

 N N N N= + + 4ii Ga Ga-V V   (9)    

 According to above analysis, if the dopant-defect pair associa-
tion would equilibrate in the fi lms examined in Figure  2  at the 
growth temperature of 400 °C, most  V  Zn  2−  scattering centers 
would become bound in charge-neutral (2Ga Zn  –  V  Zn ) 0  com-
plexes, reducing  N  ii  essentially to the number of uncompensated 
Ga Zn  donors, that is,  N  ii   = n  = 2.0 × 10 20  cm −3 . This expected value 
is less than 1/3 of the effective number  N  ii  = 6.7 × 10 20  cm −3  
of scattering centers determined above from the electrical char-
acterization. Such discrepancy suggests the defect distribution 
in actual thin fi lm samples grown by non-equilibrium processes 
(such as PLD used here) is not fully equilibrated. 

   Figure 4.    The temperature dependence of thermodynamic defect densi-
ties, calculated by applying the law of mass action to the carrier concen-
tration ( n ) and Ga concentrations and taking into account the binding 
energies of the (Ga Zn  –  V  Zn ) −  and (2Ga Zn  –  V  Zn ) 0  complexes. 
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conductivity. They are plotted as a function of the annealing 
time in  Figure    6  . To avoid underdetermined fi tting of the data, 
it is necessary to divide the annealing process into two stages. 
In the fi rst stage ( t  anneal  ≤ 2 h), the three variables are taken to 
be the same as in Section 4, that is,  N   V ,   N  Ga , and  N  Ga- V  . The 
carrier concentration  n  and the mobility  μ  are taken from the 
measurement after each annealing step (cf. Figure  5 ), and  N  ii  is 
determined from the measured mobility based on Equation  6   . 
During this fi rst stage of annealing, the more mobile  V  Zn  2−  
defects diffuse towards the Ga Zn  + , forming additional (Ga Zn  – 
 V  Zn ) −  complexes. As above, the defect concentrations can be 
solved for using Equations   9−11  . The fi t of the data for  t  anneal  = 
2 h yields  N   V   = 0 within the error margin, indicating that the 
isolated  V  Zn  vacancies are depleted due to the pairing process.  

 In the second stage ( t  anneal  > 2 h), when there are no more 
isolated  V  Zn  defects, the concentration of (Ga Zn  –  V  Zn ) −  com-
plexes stabilizes and fully passivated (2Ga Zn  –  V  Zn ) 0  complexes 
begin to form. The rate of this processes is kinetically slower 
compared to the formation of the (Ga Zn  –  V  Zn ) −  complexes asso-
ciated with the fi rst stage of the anneal as it requires diffusion 
of the Ga cations. Since  N   V   = 0 in the second stage, the fi tting 
variables are now  N  Ga,  N  Ga- V ,  and  N  2Ga- V  , and a system of three 
equations with three unknowns can again be established, sim-
ilar to Equations   9−11  :

 N N N V= +ii Ga Ga-   (12)  

 n N N NV V= − − 2Ga Ga- 2Ga-   (13)  

 N N N NV V= + + 2Ga
Tot

Ga Ga- 2Ga-   (14)   

 The individual defect concentrations associated with both 
stages of the annealing processes are shown in Figure  6  as a 
function of the annealing time. During the initial stage of 
annealing, the fairly rapid mobility changes are caused by 
the formation of the (Ga Zn  –  V  Zn ) −  complexes. Because the 

ought to be bound in charge neutral (2Ga Zn  –  V  Zn ) 0  complexes. 
As a result, there are more scattering centers, that is, larger 
 N  ii , in as-deposited fi lms. This fi nding suggests that annealing 
should further promote the clustering of doubly charged iso-
lated  V  Zn  defects into single charged (Ga Zn  –  V  Zn )  −  pairs and 
even into neutral (2Ga Zn  –  V  Zn ) 0  clusters, reducing considerably 
the effective number  N  ii  of ionized impurity scattering centers 
and increasing the mobility.   

 5.     Reduction of Scattering by Annealing 

 In order to test the possibility to reduce ionized impurity scat-
tering by promoting the pairing of charged dopants and defects, 
a Ga-doped Zn 0.7 Mg 0.3 O fi lm, representative of our most con-
ductive fi lms, was sequentially annealed for a total of 14 hours 
at 400 °C (same as the deposition temperature) in vacuum with 
a measured residual pO 2  = 10 −7  Torr. The anneal was stopped 
at three intermediate times and the sample was removed for 
electrical characterization. No observable changes in thickness, 
composition, or crystal quality (FWHM of XRD peaks and grain 
size seen under TEM) occurred during the annealing. 

 The conductivity, carrier concentration and mobility as a func-
tion of anneal time are plotted in  Figure    5  . During the fi rst 5 h of 
anneal, the carrier concentration reduces from 1.98 × 10 20  cm −3  
to 1.60 × 10 20  cm −3  while mobility increases from 11.6 cm 2  V −1  s −1  
to 17.2 cm 2  V −1  s −1 . After 5 h of annealing, the carrier con-
centration and mobility remain essentially constant. The max-
imum conductivity ( σ  = 475 S cm −1 ) is obtained after 2 h of 
annealing. This is a 30% increase compared to the as-deposited 
sample and roughly a 50% increase compared to the highest 
conductivity obtained for as-deposited Zn 0.7 Mg 0.3 O fi lms in 
previous studies. [ 2,13,14 ]  Further, the optical absorption onset 
of the fi lms after annealing remains sharp and stays at 4.0 eV, 
indicating that the Mg stays in the wurtzite ZnMgO lattice.  

 Using the same approach adopted in Section 4 for the as-
deposited samples, the defect populations in the annealed 
samples can be estimated from the carrier concentration and 
mobility data, assuming ionized impurity scattering limits the 

   Figure 5.     The change of a) conductivity, b) carrier concentration, and 
c) mobility during anneal. 

   Figure 6.    The change in defect densities during annealing based on fi tting 
a Brooks-Herring model to the measured carrier concentration ( n ) and 
mobility ( μ ) from Figure  5 .  N  ii  is the effective density of singly-charged 
scattering centers. Open symbols denote coupled defect complexes. 
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  Film Deposition and Process : ZnMgO:Ga thin fi lms were grown 
on 1 cm × 1 cm double-side polished single-crystal (0001) (c-plane) 
sapphire (α-Al 2 O 3 ) substrates by pulsed laser deposition (PLD). A 
Lambda Physics Compex 201 KrF laser (248 nm wavelength, 25 ns pulse 
length, 5 Hz repetition rate) was used as the ablation source, with an 
output maintained at 244 mJ per pulse, resulting in an energy density 
of 1.3 J cm −2  over a 1.3 mm × 2 mm spot at the target surface for all 
depositions. A commercial 1-inch solid oxide Zn 0.79 Mg 0.2 Ga 0.01 O target 
was used, and the target-substrate distance was set to 4.5 cm along the 
direction normal to the target. During deposition, the ZnMgO:Ga fi lms 
were deposited on the Al 2 O 3  at a deposition temperature of 400 °C. Both 
ultra pure (99.999%) oxygen and argon gas were introduced into the 
chamber (base pressure < 1 × 10 −7  Torr) using mass-fl ow controllers. 
The partial pressure of oxygen and argon are 1 × 10 −5  Torr and 1 × 10 −3  
Torr respectively, which were calculated as the total gas pressure read 
from the ion gauge times the proportion of the O 2  or Ar gas in the total 
pressure read from the RGA, which was mounted on the chamber. All 
fi lms were grown for 10 000 pulses, which gave a thickness ≈190 nm. 
After deposition, the heater was cooled to room temperature at 5 °C 
min −1 . More experimental details can be found in the literature. [ 14 ]  

  Film Characterization : Film carrier concentration, mobility and 
conductivity as a function of temperature were determined using 
a Lakeshore Hall effect measurement system in the van-der-Pauw 
geometry with indium contacts soldered to the sample. Conductivities 
were confi rmed using the collinear four-point-probe technique. The Mg 
to Zn ratio in targets and fi lms was determined using energy dispersive 
X-ray analysis (EDX, Princeton Gamma-Tech Prism) and confi rmed 
using inductively coupled plasma atomic emission spectroscopy 
(ICP-AES). The Ga to Zn ratio was measured using X-ray fl uorescence 
(XRF) performed on a Matrix Metrologies MaXXi 5 system. A Philips 
(FEI) CM200 TEMA TEM system was used to obtain HRTEM and SADP 
images, while a Titan TEM/STEM (FEI) was used to obtain EDS-STEM 
images. The crystal structure was characterized using a Rigaku Ultima 
IV XRD system with Cu Ka radiation. The thickness of the sample was 
measured using a Veeco Dektak8 Advanced development Profi ler.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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diffusion of  V  Zn  towards the Ga Zn  species is facile, the popula-
tion of (Ga Zn  –  V  Zn ) −  complexes equilibrates relatively quickly. 
Once all the  V  Zn  are fully associated in (Ga Zn  –  V  Zn ) −  complexes, 
further changes in mobility (stage 2) are more gradual as they 
depend on the much slower Ga diffusion process required to 
form (2Ga Zn  –  V  Zn ) 0  complexes. 

 These basic fi ndings on the dynamics of defect association 
during annealing should also be applicable to ZnO and explain 
the large variation in mobility for heavily doped ZnO. [ 50 ]  In 
addition, the thermodynamically driven clustering of oppositely 
charged defects during annealing is consistent with the gener-
ally observed increase in mobility during annealing, even when 
there is no clear structural improvement and change in carrier 
concentration. [ 26,28,50,51 ]  Based on these fi ndings, we also sug-
gest that suppressing the formation of intrinsic electron killers 
(e.g., during growth or subsequent post-processing) is critical 
to improve the conductivity in these materials. An effective 
strategy to realize reductions in these electron-killing com-
plexes will enhance both carrier concentration and mobility in 
Ga-doped ZnMgO, resulting in improved conductivity. Practical 
approaches to address these mechanism may include annealing 
of fi lms in the presence of Zn metal, such as has been recently 
done for Al-doped ZnO. [ 19 ]    

 6.     Conclusions 

 This work demonstrates that Ga remains a shallow dopant 
in Zn 1- x  Mg  x  O alloys at least up to 30% Mg composition. The 
doping effi ciency is likely limited by self-compensation due to 
intrinsic  V  Zn  acceptors and its complexes. Our results suggest 
that ionized impurities are the dominant scattering centers 
in these Ga-doped Zn 0.7 Mg 0.3 O fi lms, similar to the situation 
in most degenerately doped ZnO fi lms. However, the mobility 
in as-deposited Zn 0.7 Mg 0.3 O is much lower than in ZnO due 
both to a larger effective mass and larger concentration of 
charged intrinsic acceptors. Post-deposition annealing yields 
a 50% increase in the mobility. Self-consistent modeling of 
the carrier and defect concentration and mobility suggest this 
change is due to dopant-defect complex formation, which 
reduces the net concentration of charged scattering centers. In 
order for the electrical transport properties of ZnMgO alloys to 
approach those of ZnO, synthesis strategies aimed at reducing 
the total zinc vacancy concentration will likely be necessary.   

 7.     Experimental Section 
  Computational Details : The calculations of the composition 

dependence of the band gap, the conduction band effective mass, and 
the donor ionization energies were performed with the VASP code [ 52 ]  
using 192 atom supercells, projector augmented wave [ 53 ]  potentials, 
and the generalized gradient approximation [ 54 ]  with an energy cutoff 
of 320 eV. For the self-consistent band-gap corrected calculation, we 
used an extension of the non-local external potential method found 
elsewhere, [ 34 ]  where we determined two parameters per atom type and 
angular momentum. [ 55 ]  A dense 6 × 6 × 6 k-point grid was used for the 
effective mass calculation. For the donor ionization energies we took 
into account the image charge corrections, potential alignment, and 
band fi lling effects. [ 56 ]  The dielectric constant was calculated on smaller 
16 atom cells of the ZnMgO alloy using a density functional perturbation 
theory approach. [ 57 ]  
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