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ABSTRACT

In this work, the impact of Al doping and Mg alloying on the conduction band misalignment (ΔEC) between ZnO and (100) Si with a SiOx

interlayer was studied by combining capacitance vs voltage, Hall and x-ray diffraction measurements, energy-dispersive x-ray spectroscopy, sec-
ondary mass spectrometry, and high-resolution scanning transmission electron microscopy. To decouple the effect of the high carrier density in
the ZnO-based layers due to the Al introduction, the measured ΔEC was corrected for the conduction band lowering effect taking into account
the conduction band non-parabolicity of ZnO. Then, from the Mg content dependence, using the interface-induced gap states approach, branch
point energies referred to the valence band maximum equal to (2:7+ 0:2) and (3:6+ 0:4) eV were extracted for ZnO and MgO, respectively.
These branch point energies were obtained under the assumption of a linear variation between the respective values of the corresponding two
binary compound semiconductors, ZnO and MgO, and taking into account the presence of the SiOx interlayer. Furthermore, in the case of the
undoped Zn0:96Mg0:04O layers, a �0.27 eV reduced ΔEC was found, with the difference with respect to Zn0:94Mg0:06O:Al attributed to the pres-
ence of a downward band bending toward the interface with SiOx . Full 1 � 1 cm test solar cells based on Zn0:8Mg0:2O:Al layers exhibited short
circuit currents, open circuit voltages, fill factors, and efficiencies that varied in the (28+ 1)mA=cm2, (430+ 20) mV, (61+ 2)%, and
(7:2+ 0:3)% ranges with the residual ΔEC � 0:6 eV being among the main causes of the reduced device performances.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution-NonCommercial 4.0
International (CC BY-NC) license (https://creativecommons.org/licenses/by-nc/4.0/). https://doi.org/10.1063/5.0241865

I. INTRODUCTION

In the past years, promising efficiencies (ηs) equal to
�13%–15% and �16.5% were obtained in the case of n-ITO/n-Si
isotype heterostructures1,2 and n-ITO/p-Si anisotype heterostruc-
tures,3 respectively. These results triggered, also recently, searching
for low-cost alternatives to ITO with ZnO/ZnO:Al being
among the possible replacement candidates due to comparable

electrical/optical properties combined with the possibility to
realize Al metallizations with a specific contact resistance as low
as � 10�5 Ω cm2.4,5 In addition, this device design, considering
that Ag-based Ohmic contacts and ITO transparent layers for
charge carrier extraction are among the current bottlenecks hin-
dering the photovoltaic market penetration of silicon heterojunc-
tion solar cells (HJT), despite having reached a technological
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maturity and efficiencies up to �26.8%, could be partially or in
total be integrated in the current HJT solar cell structure.6,7 This
would make it possible to overcome their present reliance on Ag
and In, thus resulting in an economically more affordable HJT
technology also suitable for future multi-terawatt scale applica-
tions.8 Furthermore, using a ZnO/ZnO:Al-based emitter paves
the way to the utilization of technologically less demanding dep-
osition techniques like spin-coating or spray pyrolysis for its
realization, a choice that would additionally lower the present
manufacturing costs. However, both n-ZnO/n-Si and n-ZnO/
p-Si devices showed generally lower performances in the �1%–
8.3% range, despite the wide variety of deposition techniques
used, ranging from ultrasonic spray pyrolysis to DC magnetron
sputtering on flat, texturized, and unpolished substrates.9–13

Using nanostructured substrates,14 the introduction of an Y2O3

or La2O3 interlayer,15 varying the dopant, or alloying the ZnO
layer14,16,17 are routes that were also tested with ηs achieved
being anyhow well below the theoretical calculation limit that is
*20%.18,19 In the previous listed works, little attention has been
paid to the values of the ZnO/Si conduction band offset (ΔEC),
even though ΔEC is anticipated to be one of the crucial parame-
ters. In detail, the main impact of ΔEC is on the open circuit
voltage (VOC) as well as the fill factor (FF), thus determining
the devices’ final η. Indeed, theoretical calculations confirm that,
even for interface recombination velocities as high as
�106 cm s�1, by turning the staggered (type II, ΔEC . 0) into a
straddling (type I, ΔEC , 0) bandgap alignment, anisotype
n-ZnO/p-Si based heterostructures could achieve η *20%, as a
consequence of a factor of �2 and �10% increase in VOC and
FF, respectively (see also the inset in Fig. 4 for an energy band
diagram sketch).18 Such ΔEC tuning can be realized by alloying
ZnO with Mg as shown in a previously published work.20

However, the Mg content is practically limited to �2 at. %, since
increasing it further produces ZnMgO films with higher resistiv-
ity that are, therefore, not suitable to act as emitters. In the
present study, the route of using �2 at. % Al doping while
increasing the Mg content up to �12 at. % is investigated, and a
detailed analysis of the n-ZnMgO/p-Si conduction band align-
ment that takes into account the presence of the SiOx interlayer
is provided. It is found that by Mg alloying, ΔEC can be reduced
from �1 to �0.6 eV in the investigated range. This turns out
into a ΔEC reduction factor vs Mg content equal to �1.7 eV if
the conduction band lowering related to the n-ZnMgO:Al high
carrier concentration is taken into account. The extracted depen-
dence is �1 eV lower than the value used in previous simula-
tions, set to 2.7 eV in that case.18 This, despite ΔEC for the two
extreme cases of ZnO and MgO vs Si being �0.6–0.9 eV smaller
(type II) and �1.8 eV larger (type I) than the ones anticipated
by theoretical calculations, respectively,21–23 prevents turning the
type II band alignment into a type I within the Mg alloying
range in ZnO for which the wurtzite structural configuration is
maintained. These findings explain the above-mentioned sub-
stantial difference between theoretically predicted and experi-
mentally achieved ηs and point to the residual ΔEC as one of
the main causes for the low photovoltaic performances not only
obtained in the test structures realized in the present work but
also reported in the literature.

II. MATERIALS AND METHODS

A. Layers’ growth

As substrates were used quartz, soda-lime glass and single side
polished (epi-ready), commercially available boron doped p-type
silicon wafers with a (100) orientation, a nominal resistivity (ρ)
equal to 5–10Ω cm, and thickness of 250+ 10 μm bought from
Siegert Wafer. An Al back contact of �100 nm was sputtered using
a Kurt J. Lesker PVD 75 thin film deposition system on the unpol-
ished Si wafer side. Then, the wafers were annealed for 20 min in
Ar at 500 �C using a AccuThermo AW610 rapid thermal process
system. Glass and quartz substrates were cleaned in 2-propanol
with an ultrasonic cleaner and dipped in de-ionized water (DI).
Then, all the substrates were transferred into an atomic layer depo-
sition (ALD) reactor Savannah 100 (Veeco). The Zn(1�x)MgxO and
Zn(1�x)MgxO:Al layers were grown at 280 �C, if not differently
stated, using diethylzinc (DEZ), de-ionized water (DI), bis(methyl-
cyclopentadienyl)magnesium (MCp2Mg), and trimethylaluminum
(TMA) as zinc, oxygen, magnesium, and aluminum precursors
with pulsing times in the 0.02–0.7 s range, depending on the pre-
cursor. N2 was used as the inert gas with 4 s long purging times
after each precursor pulse. The number of cycles was adjusted to
obtain films with a thickness of �400 nm. The recipe represents a
variation from the one used in previous studies (see, e.g., Ref. 20).
The first TMA pulse was introduced after a total number of DEZ
+DI and MCp2Mg+DI pulses varying in the 13–24 range, if not
differently stated. Subsequently, on top of selected Zn(1�x)MgxO
and Zn(1�x)MgxO:Al layers deposited on Si substrates, an
aluminum-doped ZnO (AZO) film of �200 nm thickness was
grown with the same ALD deposition system using DEZ, DI, and
TMA as zinc, oxygen, and aluminum precursors, respectively. The
deposition parameters were chosen on the basis of an established
ALD deposition routine with, in this case, purging times reduced
to 4 s and 280 �C as growth temperature.24,25 Similarly to what was
previously reported in Refs. 24 and 25, the carrier concentration
(n), mobility (μ), and ρ of the AZO layers fluctuated in the
(3� 6)� 1020 cm�3, (9� 11) cm2 V�1 s�1, and
(1� 2)� 10�3 Ω cm ranges, respectively.

B. Contacting and device fabrication

Al/Au Ohmic contacts on the front AZO layer were deposited
by sputtering/e-beam evaporation with the Kurt J. Lesker PVD 75
thin film deposition system. These top contacts were circles of
�1.5 mm2 area with the Au top layer �30 nm thick added only to
prevent Al (film thickness �100 nm) oxidation. The sample size
was �5 � 5 mm [see the inset in Fig. 3(a) for a schematic view]. To
realize the test solar cells, selected p-Si/Zn1�xMgxO:Al/AZO struc-
tures were cut into �1� 1 cm samples and a �200 nm thick Al
busbar with a finger contact pattern was sputtered by using the
same PVD thin film deposition system. The active to dark/total area
ratio of the realized test solar cells was (87+ 3)% [see the inset in
Fig. 11(a) for a front picture]. Finally, Al/Au bilayers (�100/
�30 nm) on the corner of the ZnO-based films grown on glass and
quartz substrates were also sputtered/evaporated using the same
PVD setup to serve as Ohmic contacts for Hall measurements.
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C. Layers characterization

Energy-dispersive x-ray spectroscopy (EDS) performed with a
scanning electron microscope (SEM) Hitachi SU-70 at 5 or 6 kV
accelerating voltage was used to determine the Mg and Al atomic
contents in the single layers. First, these measurements were used
to verify that, as expected and shown in Fig. S1, the Mg content
with respect to the sum of the Zn, Mg, and Al atomic contents
increased linearly with a proportionality constant equal to 1 with
respect to the ratio between the Mg number of ALD cycles and the
sum of the Zn, Mg, and Al number of ALD cycles. Furthermore,
the same measurements were also used to calculate the Mg content
(x), that is, the ratio between the Mg content and the sum of the
Zn and Mg ones. SEM front and cross-sectional images after cleav-
ing the layers were also acquired with the same setup operated in
the secondary electrons mode (SE). Cross-sectional images were
used to measure the film thickness that was confirmed by using a
NanoCalc 2000s thin film reflectometer. The structural properties
of the ZnO based layers were studied using a PANalytical X’Pert
Pro Alpha1 MPD x-ray diffractometer (XRD) with locked-coupled
Θ� 2Θ scans using the Cu Kα1 (λ � 1:5406Å) monochromatic
radiation. In order to extract the signal from the whole volume of
the sample under study, the diffraction patterns were collected in
the Bragg–Brentano geometry using a semiconductor strip detector
in the scanning mode with a 2.122� 2Θ active range. The samples
were spinning at an angular velocity of 12.6 rad s�1 during the mea-
surements. The room temperature (RT) electrical parameters of the
layers were extracted from Hall effect measurements performed in
the dark using a RH2035 PhysTech system equipped with a perma-
nent magnet producing a magnetic field of �0.4 T. The measure-
ments were executed in the van der Pauw configuration on the
ZnO based films deposited on glass and quartz substrates. The
experimental results were corrected for the contact size contribu-
tion as described in Ref. 26. Standard cross-sectional transmission
electron microscopy (TEM) samples were prepared by grinding
and ion-polishing with a PIPS ion polishing system from Gatan.
The samples’ local structure and composition were investigated by
high-resolution scanning transmission electron microscopy
(STEM) using a monochromated FEI Titan G2 60-300 microscope
operated at 200 kV and equipped with a Super-X EDS Bruker
detector. Finally, the secondary mass spectrometry measurements
shown in the supplementary material were conducted with a
Cameca IMS 6f microanalyzer using a primary beam of 5.5 keV Cs
ions. A constant erosion rate was assumed for depth calibration in
this case.

D. Device characterization

The resulting devices were characterized by current density vs
voltage (J–V) and capacitance vs voltage (C–V) measurements
carried out at RT using a Keithley 2601A and an Agilent E4980A
current and LCR meter, respectively. During the measurements, the
temperature was monitored with a thermocouple and a HH11C
thermocouple reader. In the latter case, ac-probing frequencies and
an ac-probing voltage in the 1 kHz–1MHz range and equal to
30 mV (root mean square value) were used, respectively.
Successively, current vs voltage (I–V) under illumination, η and
external quantum efficiency (EQE) measurements were performed

on the same devices and the test solar cells using a Bentham
PVE300 photovoltaic QE system. The measurements were done
under STC, i.e., under the standard terrestrial spectra of AM1.5G
and temperature equal to 25 �C. The solar cells/test device parame-
ters presented were calculated using the effective active area of the
devices and extracted with the IV Curve Fitter v.1.8 ©software
using the standard two-diode model.27

III. RESULTS AND DISCUSSION

A. Electrical characteristics of the as-grown layers and
devices

The electrical properties of the Zn(1�x)MgxO and
Zn(1�x)MgxO:Al films deposited on soda-lime glass vs x are
reported in Fig. 1(a) with the corresponding Al atomic content
being shown in Fig. 1(b). By introducing Al, an order of magnitude
increase in n up to �4 �1020 cm�3 was achieved. To this increase
corresponds a factor 2 decrease of μ. Considering the low Mg alloy-
ing level in these layers, the observed drop is consistent with the
increased ionized impurity scattering related to the Al donor activ-
ity. Furthermore, as discussed hereafter, charged compensating
centers, neutral complexes are most probably present as well, thus
providing additional scattering centers that contribute to further
reduce μ. No significant changes in the film’s electrical

FIG. 1. (a) n, μ, and ρ vs Mg content of the Zn(1�x)MgxO and Zn(1�x)MgxO:Al
layers on soda-lime glass. Unfilled symbols indicate depositions where no Al
was introduced. (b) Fluctuation of the Al at. % content vs the Mg one in the
same samples.
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characteristics were found for samples in the Zn0:94Mg0:06O:
Al–Zn0:86Mg0:14O:Al range, while a conductivity drop was observed
to occur starting from the Zn0:84Mg0:16O:Al sample related to both
a reduced μ and n, with the latter indicating a less effective doping
activity of Al for higher Mg contents. For the Zn(1�x)MgxO:Al
layers with x varying in the �0.20–0.24 range, n, μ, and ρ resulted
equal to �1.7 �1020 cm�3, �2.2 cm2 V�1 s�1, and �1.9
�10�2 Ω cm, respectively. These values are similar to what was pre-
viously reported for films grown by ALD and CVD,28,29 while a
further annealing in In presence was found to be necessary to
achieve comparable results in the case of sputtered Zn(1�x)MgxO:Al
layers.30 The decrease in n, μ, and conductivity with increasing Mg
content seen to occur from the Zn0:84Mg0:16O:Al sample was
already reported and attributed mainly to the increase in the
reduced electron effective mass caused by Mg alloying.30 However,
as a look at Eq. (6) reveals, the effective mass increase is limited to
a factor of �1.2, which is not enough for explaining the observed
factor �3 decrease of μ. In this respect, it should be noted that
the Al content in the samples analyzed varied in the range of
�2.1–2.8 at. %, as shown in Fig. 1(b). This corresponds to an
average Al concentration of � 2� 1021 cm�3. Comparison with the
n values measured [see Fig. 1(a)] reveals that the Al doping effi-
ciency is �10%–20%, similarly to what was previously reported in
the case of ZnO:Al (see, for example, Ref. 31 and references
therein).32 Such a low activation ratio is partly specific to ALD
grown films and has been attributed to the layered/non uniform Al
distribution causing dopant clustering, Al incorporation in second-
ary insulating species, and/or Al segregation at the grain boundaries
and interfaces.33,34 Indeed, the STEM analysis revealed that the
films present a columnar structure with the expected nanolaminate
Mg and Al distribution within each column as shown in Figs. 2(a),
2(c), and 2(d) (see also Fig. S2 in the supplementary material).
Here, it is worth pointing out that, however, the Al atoms’ distribu-
tion in the films is far from the idealized case, i.e., placed only one
lattice plane. In fact, it has a full width half maximum (FWHM) of
�2 nm in the depth direction with a peak to peak distance of
�4 nm, as evidenced by the Al intensity profile extracted from the
EDS signal displayed in Fig. 2(e) (for the Mg case, refer to Fig. S2
and the corresponding caption in the supplementary material).
This widening of the Al distribution profile has been attributed to
the TMA etching effect when reacting with the ZnO-based
surface.33 Furthermore, the DEZ and MCp2Mg steric hindrance
could also significantly contribute to limit the layered growth, thus
promoting the more random incorporation of Al.35 In addition, in
the present work, the depositions were performed outside the ALD
window and for that matter, desorption of the main precursors also
occurs.36 Overall, the Al distribution FWHM was found to be
independent from the Mg introduced as a comparison between
Figs. 2(e) and S2(c) and S2(f ) in the supplementary material
reveals. Moreover, considering that the Al doping efficiency in the
case of magnetron sputtered ZnO is �30%–50%, it suggests that
the localization related effects roughly account for a �20%–30%
deactivation by assuming a similar weight of the remaining mecha-
nisms.37 This, even though, in our case, STEM and XRD measure-
ments did not provide any evidence of precipitates, additional
phases or Al segregation, that are, therefore, if present, below the
detection limit (see Figs. 7 and S2–S5 in the supplementary

material). Another physical mechanism that is anticipated to limit
the Al doping efficacy is related to the formation of Al-VZn com-
plexes.38,39 Concerning the latter, self-compensation effects involv-
ing VZn were shown to explain similar low Ga doping efficiencies
in Zn(1�x)MgxO layers.40 Hence, even though a more detailed study
would be required to address firmly the exact interplay between the
physical mechanisms above mentioned, this is, most probably, a

FIG. 2. (a) Cross-sectional annular bright field (ABF) STEM image of the whole
Zn0:94Mg0:06O:Al layer. (b) ABF STEM view of the Zn0:94Mg0:06O:Al/Si interface
taken in the [110] substrate orientation. The thickness of the SiOx interfacial
layer was found to vary in the �2–3 nm range in the investigated samples.
(c) High-angle annular dark field (HAADF) STEM image of one column tip.
(d) EDS elemental mapping image of the topmost part of the column tip shown
and in (e) the central part Mg and Al intensity profiles of the EDS signal.
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factor contributing significantly to the reduced Al donor activity
also in the samples analyzed here. Then, the n decrease for Mg
contents x . 0:14 suggests a reduction in the formation energy of
the compensating/neutral center/s involved in lowering the Al
doping efficiency with these defects also contributing to lower μ in
the same layers.

To test the applicability of such layers to the case of n-ZnO/
p-Si based solar cells, the device design already adopted in Ref. 20
and displayed in the inset of Fig. 3(a) was used. The J–V dark char-
acteristics of selected test devices are shown in Fig. 3(a) for all the
Mg content investigated. It can be seen that the analyzed samples
showed similar J–V dark characteristics independent of the Mg
content exhibiting four to five orders of magnitude rectification
ratio in the [�1, þ1] V voltage range. Note that, as evident
from Fig. 2(b), the realized samples are actually
n-Zn(1�x)MgxO=SiOx/p-Si and n-Zn(1�x)MgxO:Al/SiOx/p-Si heter-
ostructures; however, for simplicity, hereafter, SiOx will be omitted
from the heterojunctions’ definition unless it is needed for clarity.
The n-Zn(1�x)MgxO/p-Si and n-Zn(1�x)MgxO:Al/p-Si heterostruc-
tures were further electrically analyzed in order to extract
ΔEC .

20,41,42 That is, the J–V characteristics collected in dark condi-
tions were assumed to follow a standard Shockley diode equation
(single exponential model) that includes both series (Rs) and shunt
(Rp) resistance,

43

JA ¼ IS exp
e V � RSJAð Þ

νkBT

� �
� 1

� �
þ V � RSJAð Þ

RP
, (1)

where A, IS, e, ν, kB, and T are the junction total area, the satura-
tion current, the electron charge, the ideality factor, the Boltzmann
constant, and the absolute temperature, respectively. Then, RS and
ν were determined following a procedure outlined in Ref. 43. This
analysis (not shown) did not evidence any significant changes in ν
and RS vs Mg content with the exception of an increase in RS for a
Mg content equal to �0.25. Similarly, ν was found to be & 2 in the
same Mg content range. The RS values so extracted were used to
establish the proper voltage and frequency interval where the RS

contribution to the measured capacitance can be assumed to be
negligible with the upper bound for the testing frequency being
�200 kHz.44 Here, it should be noted that, as shown above, the
Zn(1�x)MgxO=Zn(1�x) MgxO:Al layers are degenerate with
n . 1019 cm�3, while an effective acceptor concentration (Na)
equal to �2�1015 cm�3 is anticipated in the p-Si substrates accord-
ing to the vendor specifications. That is, the n-Zn(1�x)MgxO=
SiOx/p-Si and n-Zn(1�x)MgxO:Al/SiOx/p-Si heterostructures can be
actually modeled as Schottky contacts to p-Si with a SiOx inter-
layer. The SiOx presence introduces a capacitance (Cox) that is in
series with the p-Si depleted region one. This contribution, model-
ing it as a parallel capacitor with a distance between the plates
equal to 2–3 nm, as evidenced by the TEM analysis of the interfa-
cial region [see Fig. 2(b)], is *50 times larger than the highest
measured capacitance and, therefore, can be neglected since intro-
ducing an �2% correction. Second, the SiOx layer thickness allows
direct tunneling.45 In such case, the occupation of defects at the
SiOx/Si interface is expected to be determined by ϵF , the RT bulk
Fermi level positions with respect to the conduction band in the

FIG. 3. (a) J–V characteristics vs Mg content collected at RT in the dark with a schematic cross-sectional view of the test devices shown in the inset. (b–h) Plot of 1=C2

vs applied voltage measured at 200 and 1 kHz for selected structures with different Mg content; the linear fits used to estimate Vd and the corresponding values extracted
from averaging among different samples belonging to the same batch and the five different probing frequencies used are reported as well.
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Zn(1�x)MgxO or Zn(1�x)MgxO:Al layers. Thus, the corresponding
capacitance is in parallel to Cox .

46 Hence, the above-mentioned cor-
rection is an upper bound in case of a significative contribution of
the defects at the SiOx/Si interface. Bearing this in mind, the mea-
sured C–Vs are essentially equal to the dependence on V of the
p-Si depleted region capacitance, i.e.,41,46

C
A
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2 qϵ0ϵSiNa

Vd � V
� �

s
, (2)

where ϵ0 is the vacuum permittivity, indicating with ϵSi the relative
dielectric constant of Si and with Vd the diffusion potential arising
at the heterojunction corrected for the contribution of the hole tail
at the edge of the depletion region in the p-Si, i.e.,
Vd ¼ Vd � kBT=e. Then, by performing a linear fit of 1=C2 vs V
for each of the probed frequencies, Vd was determined. Examples
of this analysis are shown in Figs. 3(b)–3(h). Here, it is worth
stressing that using C–V measurements and Eq. (2) for extracting
Vd is a robust method in the case of the examined samples even in
case defects at the SiOx/Si interface are present. If such defects are
assumed uniformly distributed in the examined voltage range, their
contribution to the extracted Vd can be evaluated using the exten-
sion of Eq. (2) first proposed in Ref. 47. In detail, even taking into
account possible non stochiometry effects, a &10 mV correction to
Vd corresponds to the reported defect density at the intrinsic Fermi
level position equal to �5 �1012 cm�2 eV�1 in the case of native
SiOx .

48 That is, this contribution is equal to the typical error on the
measurements [see Figs. 3(b)–3(h)] and can be, therefore,
neglected.

Subsequently, ΔEC was determined (see also the inset of
Fig. 4) according to

ΔEC ¼ ESi � eVd � δSi þ ϵF , (3)

where ESi is the RT Si bandgap, while δSi is the RT bulk Fermi level
position with respect to the valence band in Si. In employing
Eq. (3), ϵF was taken as positive since, according to the Hall mea-
surements above discussed, all the examined Zn(1�x)MgxO=
Zn(1�x)MgxO:Al layers were degenerate.

To evaluate δSi and ϵF , the hole concentration in the p-Si
wafer (pSi) and the electron concentration in the n-Zn(1�x)MgxO/
n-Zn(1�x)MgxO:Al layer are necessary. The Na values, as extracted
from C–V profiling measurements, were used for the former; on
the other hand, the latter was assumed to be equal to n, i.e., the
electron concentrations of the Zn(1�x)MgxO and Zn(1�x)MgxO:Al
layers deposited on soda-lime glass and shown in Fig. 1(a). Then,
using the measured pSi and n, if the density of states reduced effec-
tive masses in the valence and conduction band for Si (m*

v) and
Zn(1�x)MgxO=Zn(1�x)MgxO:Al (m

*
c,x) are known, δSi and ϵF can be

easily evaluated by inverting the carrier concentration vs Fermi
level formulae for a nondegenerate,

pSi ¼ Na ¼ 2
m*

vmekBT

2π�h2

� �3
2

e
�δSi
kBT , (4)

and a degenerate semiconductor,

n ¼ Nd ¼ 1

π2�h3

ð1
0

m*
c,xme

� �3
2
ffiffiffiffiffiffi
2E

p

1þ exp E�ϵF
kBT

� � dE, (5)

where me, �h, and E are used to indicate the electron rest mass, the
reduced Planck constant, and the electron energy referred to the
conduction band edge, respectively. On the other hand, Nd refers
to the effective donor density in the Zn(1�x)MgxO=Zn(1�x)MgxO:Al
layers. In the present analysis, m*

v was set to 1.15 (see Ref. 49). On
the contrary, the reported experimentally determined effective
masses for Zn(1�x)MgxO are in reality reduced effective masses.29,30

Furthermore, ZnO presents a non-parabolic conduction band
shape and indications of non-parabolicity have been found also in
the case of first-principles calculation for Zn(1�x)MgxO.

50 Hence,
not only the Mg dependence of m*

c,x but also non-parabolicity
effects should be taken into account for a proper evaluation of ϵF .
Theoretical calculations indicate that m*

c,x increases with Mg con-
centration with a proportionality factor ranging from 0.22 x to
0.27 x.40,51 Therefore, on the basis of what is written above and
considering the two effects as independent, the following approxi-
mate dependence for m*

c,x on E and x was used:52

m*
c,x ¼ m*

c,0 þ 0:25x
� �

1þ 2αEð Þ ¼ m*(x) 1þ 2αEð Þ, (6)

where the intermediate value of 0.25 was chosen for the Mg contri-
bution, while α and m*

c,0 were set to 0.33 eV�1 and 0.28 according
to Ref. 53 and on the basis of previous work on Hall data simula-
tions (see Ref. 54 and references therein), respectively. Note that by
using Eq. 6, it was implicitly assumed that Al doping in the at. %
range has no effect on the conduction band structure as theoreti-
cally predicted.55

Here, it is worth noticing that in the approach used for
extracting ΔEC , Na and Nd are considered uniform as evident from
Eqs. (2) and (3) as well as differences between n in the
Zn(1�x)MgxO=Zn(1�x)MgxO:Al films deposited on the soda-lime
glass, which are the samples actually measured, and the emitter
layers on the realized structures are neglected. Differences in n
between the Zn(1�x)MgxO=Zn(1�x)MgxO:Al emitter layer and the
films deposited on the soda-lime glass cannot be excluded, but they
are anticipated to be comparable to the variation observed in the
case of layers deposited on quartz and soda-lime glass during the
same deposition process, which were found to be &20% and thus
similar to the measurement errors and therefore not relevant. On
the other hand, non-uniformities in the interfacial region cannot
be excluded. In detail, if the equivalent of Eq. (2) for heterostruc-
tures is used, depth intervals equal to �0.4–1.5 μm and < 0.4 nm in
the p-Si and n-Zn(1�x)MgxO/n-Zn(1�x)MgxO:Al side of the hetero-
structure relate to the voltage range used.41 Non-uniformities in the
effective acceptor and donor concentrations on the p-Si and
n-Zn(1�x)MgxO=Zn(1�x)MgxO:Al sides of the heterojunction
outside or with length scales larger than the probed depths by C–V
measurements would result in an apparent ΔEC since ϵF , as
extracted from Hall measurements, would not correspond to the
actual ϵF in the interfacial region with a similar argumentation
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holding for the Si part of the heterojunction. However, while such
effect can be reasonably excluded to occur on the Si side, this
might be the case for the Zn(1�x)MgxO=n� Zn(1�x)MgxO:Al layers
considering the limited depth investigated as well as the expected
presence of defects in these layers close to the SiOx interface. This
represents a potential source of error in the determination of ΔEC
according to the procedure used here; this issue is discussed more
in detail at the end of the following Subsection.

The results of the analysis outlined above are presented in
Fig. 4. The most striking feature is the �0.48 eV increase in ΔEC ,
that is rising from �0.5 eV up to �1 eV following the Al introduc-
tion into the Zn(1�x)MgxO layers, while increasing the Mg content
from 0.04 to 0.06. As above mentioned, all the
Zn(1�x)MgxO=Zn(1�x)MgxO:Al layers are degenerate. Then,
bandgap narrowing with the corresponding conduction band

lowering is indeed expected in the samples. That is, the experimen-
tally extracted ΔEC is carrier concentration dependent. Hence, to
derive more general conclusions, ΔEC should be corrected for this
contribution as described in the following Subsection.

B. Impact of the Al, Mg content, and the SiOx

interlayer on the conduction band misalignment

Two main physical mechanisms contribute to the resulting
conduction band lowering: Many body effects, i.e., repulsion
between electrons as a consequence of the Pauli exclusion principle
and Coulomb repulsion as well as the interaction of the electrons
with the donors. Hereafter, the former and latter contributions are
indicated as ΔEee

C and ΔEei
C , respectively. Several methodologies have

been proposed to take these effects into account.56–59 Among them,
the plasmon pole approximation for the dielectric response in the
self-energy formalism introduced by Inkson56 has been proven to
be essentially equivalent to more complex approaches in the case of
Si,59 and it has been further generalized to III–V semiconduc-
tors.60,61 This formalism is used here. However, it is worth pointing
out that, despite being widely used, the non-parabolicity correc-
tions to ΔEee

C and ΔEei
C have been overlooked in the literature as dis-

cussed in more detail hereafter. Hence, the calculations presented
in Refs. 56 and 57 were reiterated taking into account the non-
parabolic structure of the conduction band. Then, it can be seen
that the results of the conduction band shift related to the many
body effects equal62

ΔEee
C ¼ � e2kF

2π2ϵ0ϵr
� e3

8π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3n

2ϵF ϵ0ϵrð Þ3
s

� 1� 4
π
tan�1 kF

λTF

� �� �
,

(7)

where

kF ¼ 1
�h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m*(x) ϵF þ αϵ2Fð Þ

q

and

λTF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3e2n

2ϵFϵ0ϵr

s
,

where λTF is the Thomas–Fermi wave vector. On the other hand,
kF reduces to the ordinary Fermi wave vector expression in the case
of a parabolic conduction band. That is, since the frequency inte-
grated plasmon pole expression for the dielectric constant, when
only the quadratic term of the wave vector dependence is included,
does not depend on the effective mass, the non-parabolicity affects
only the Green’s function integral upper limit, that is kF .

Differently, the contribution related to the interaction of the
electrons with the donors can be calculated using the time indepen-
dent second-order perturbation theory.57 Hence, the integrand
involves a sum weighted by the energy difference between the pos-
sible electron levels and, therefore, in this case, the conduction
band non-parabolicity affects the integrand directly. By performing
the calculations, the following closed form was found for this

FIG. 4. The conduction band misalignment, ΔEC , vs Mg content as extracted
from C–V and Hall measurements. The unfilled circles refer to samples without
Al. In the inset is a schematic view of the equilibrium band diagram correspond-
ing to the structures electrically characterized with the conduction and valence
band edge labeled as EC and EV , respectively. All the devices investigated pre-
sented a ΔEC . 0, thus corresponding to the shown type II band alignment.
Furthermore, in all samples, the Zn(1�x)MgxO and Zn(1�x)MgxO:Al layers were
degenerate. For that matter, ϵF is depicted above EC on the film side and the
Schottky contact approximation is used in drawing the bands’ alignment sketch.
The extension of the band-bending region is not drawn to scale. For the interfa-
cial region, see Fig. 6.
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contribution:

ΔEei
C ¼ � e4NDm*(x)

π2�h2 ϵ0ϵrð Þ2 �
�h

λ
2
TF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α

2m*(x)

r
þ
tan�1 C

λTF�h
ffiffiffiffiffiffi
2α

m*(x)

p
 !

2λ
3
TFC

0
BBBB@

1
CCCCA,

(8)

with

C ¼ 1� λ
2
TF

2α�h2

m*(x)

� �1
2

and

λ
2
TF ¼ e2

ϵ0ϵr

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m*(x)3

p
π2�h3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ϵF þ αϵ2F

q
1þ 2αϵFð Þ,

where the latter is the Thomas–Fermi wave vector corrected for the
non-parabolicity of the conduction band, an expression that
reduces to λTF in the parabolic case. On the other hand, ND is the
total concentration of ionized donors acting as scattering centers.
Here, it is worth pointing out that Eqs. (7) (with the exception of
the first term) and (8) differ considerably from the equivalent ones
used in previous reports (cf. Refs. 63 and 64).

As discussed in Sec. III A, only 10%–20% of the Al is actually
acting as a donor with the remaining not providing free carriers
because, most probably, it is involved in the formation of charged
deep defects and/or neutral complexes at least partially.
Considering that such defects are expected to present smaller
capture cross sections with respect to shallow centers, then, their
interaction with the conduction band electrons can be neglected, at
least in the first approximation. Hence, in the calculations hereafter
presented, ND was considered equal to n.

Then, if the contributions of the electron–electron and elec-
tron–donor interactions are known, ΔE0

C (ΔEC in the low doping
regime) can be evaluated as

ΔE0
C ¼ ΔEC � ΔEee

C � ΔEei
C : (9)

The values so obtained are displayed in Fig. 5, while the correc-
tion related to the conduction band lowering is shown in the inset.

It can be seen that the extracted ΔE0
C after the abrupt increase

of �0.24 eV, as a consequence of Al introduction, was found to
approximately linearly decrease with Mg content from (0:59
+0:02) down to (0:31+ 0:07) eV. From a least squares regression
fit of the Zn(1�x)MgxO:Al related data, a linear decreasing factor of
ΔE0

C vs Mg content and an intercept equal to (�1:7+ 0:2) eV and
(0:69+ 0:03) eV were found, respectively.

To get more insight into the observed conduction band align-
ment and evaluate the contribution of each component of the het-
erostructure, the interface-induced gap states (IFIGS) model can be
used. This approach has been successfully applied to describe a
wide variety of heterostructures based on elementary and com-
pound semiconductors with a reported accuracy of �0.15 eV.41,65,66

Furthermore, it has been recently proposed for understanding
metal-ultrathin insulator-semiconductor structures and can be,
therefore, similarly applied to the samples analyzed here, with the
ultrathin insulator being the SiOx interfacial layer.67 It is based on
the observation that a semiconductor surface (with insulators
described as wide-gap semiconductors), due to the periodicity trun-
cation, has a metallic character since the complex wavevectors
should also be considered and the corresponding states populate
the material bandgap. The level at which these wavefunctions
change their character from more valence-like (neutral if occupied)
to more conduction-like (neutral if unoccupied) is the so-called
branch-point (Φbp) with its energy position referring to the valence
band maximum throughout this work. Considering its definition,
Φbp is expected to be the semiconductor equivalent of the Fermi
level in a metal when it comes to the band alignment.68 Therefore,
on the basis of what written above, the Φbps of all the materials in
the heterostructure should be aligned. Thus, the interfacial valence-
band offset between the two semiconductors (ΔWv) is related to
the energy distances of the branch-points from the valence band
maxima, hereafter indicated as ΦZnMgO

bp and ΦSi
bp for Zn(1�x)MgxO

and Si, respectively. Furthermore, considering that the materials
put in contact present substantially different electronegativities, a
correction term that takes into account the intrinsic dipoles
forming at the interfaces should be included as well, with its effect
on the otherwise aligned Φbps shown in Fig. 6. Then, ΔWv can be
determined using the equation65,67

ΔWv ¼ ΦZnMgO
bp � ΦSi

bp þ S(XZnMgO � XSi), (10)

FIG. 5. The dependence of ΔE0
C on the Mg content. The total correction to

ΔEC vs Mg content is shown in the inset. Empty and full symbols correspond to
ΔE0

C extracted from the analysis of Zn(1�x)MgxO and Zn(1�x)MgxO:Al hetero-
structures, respectively. The red line is a least squares regression fit of the
Zn(1�x)MgxO:Al data only.
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where XZnMgO and XSi are used to indicate the Miedema’s electro-
negativities of Zn(1�x)MgxO and Si, respectively, while S follows the
empirical dependence on the SiOx high frequency permittivity
(ϵ1),

S ¼ 0:86

1þ 0:1(ϵ1 � 1)2
:

In the present analysis, S was set to (0:6+ 0:1) eV/
Miedema-units. This value is obtained by assuming an isotropic ϵ1
in the range of 2.25–4 with the extreme of the interval chosen on
the basis of the reported values for SiO2 and SiO, thus considering
possible non-stoichiometric effects.69 On the other hand, 4.70 and
5.54 Miedema-units were used as values for XSi and XZnMgO,
respectively. The former corresponds to the estimate determined
directly by Miedema, while the latter is the geometric mean of the
respective values for Zn and O atoms.65,70 That is, no effect due to
Al and Mg alloying has been taken into account, a choice that is
justified by the similar Al and Zn Miedema’s electronegativities
(4.20 instead of 4.10 Miedema-units) as well as the ZnO and MgO
close values (5.54 instead of 5.09 Miedema-units). This results in
S(XZnMgO � XSi) ¼ (0:5+ 0:1) eV. Then, Eq. (10) yields a ΦZnO

bp of
(2:7+ 0:2) eV using the intercept value extracted from the linear
fit of the ΔE0

Cs corresponding to the Al-doped layers, taking
ΦSi

bp ¼ (0:30+ 0:09) eV from Ref. 23 and assuming a RT bandgap
energy for ZnO and Si equal to 3.36 and 1.12 eV, respectively. On
the other hand, ΦZnMgO

bp has been assumed to vary linearly between

the respective values of the corresponding two binary compound
semiconductors, ZnO and MgO, that is,

ΦZnMgO
bp ¼ ΦZnO

bp (1� x)þ ΦMgO
bp x, (11)

as it is generally done.65 This, even though ZnO and MgO are not
isostructural and Zn(1�x)MgxO, presents a rock salt structure for x
*45.71 However, theoretical calculations indicate a linear depen-
dence of Φbp corresponding to the wurtzite phase when x is varied
from 0 up to 1, with a deviation of � 15% if the rock salt structure
is considered instead, thus justifying the approach used here.72

Hence, using Eq. (11), ΦZnO
bp and the proportionality factor

extracted from the linear fit of the ΔE0
Cs corresponding to the

Al-doped layers, ΦMgO
bp is found equal to (3:6+ 0:4) eV, where, in

this case, a dependence of the Zn(1�x)MgxO bandgap on the Mg
content of 2.51 was assumed.73

Here, it is worth noticing that Eq. (10) should be modified in
case the Zn(1�x)MgxO:Al layer is strained and/or formation of an
electrical double layer subsequent to the Al introduction, Al segre-
gation at the interface, or polarity effects are present.65,66 Each of
these factors or a combinations of them could potentially explain
the observed ΔE0

C � 0:27 eV difference between the Zn(1�x)MgxO
value and the expected one according to the Zn(1�x)MgxO:Al
layers’ linear fit. To estimate their contributions first, the morpho-
logical and structural properties of the Zn(1�x)MgxO and
Zn(1�x)MgxO:Al layers were studied further by SEM and XRD with
the collected XRD patterns, cross-sectional and front SEM views
shown in Figs. 7 and S5(a)–S5(d), respectively [for a full overview
of the dependence, the XRD patterns on the Mg atomic content,
see Figs. S5(e) and S5(f) in the supplementary material]. Overall,
the layers were polycrystalline and exhibited a wurtzite structure. In
addition, it can be seen that no secondary phases related to, for
example, clusters based on Al and/or Mg compounds, were
observed indicating that, if present, their relative amount and/or
size is, also in this case, below the detection limit or they are amor-
phous. In detail, the concomitant appearance of the 11.0 and 10.0
reflections was observed by introducing Al and keeping constant
the Mg content with the presence of these peaks being consistent
with the observed wedge-shaped crystallite morphology of the
surface considering the wurtzite structure (see Figs. S4 and S5 and
corresponding captions in the supplementary material for more
details). On the other hand, the 10.1 reflection was found to be
suppressed by Al introduction. Furthermore, the 00.2 reflection was
still clearly detectable for Zn(1�x)MgxO:Al layers with � 0:1(6) Mg
content. As shown in Fig. 7(e), increasing the Mg content further
has been found to drastically suppress the growth in the c-direction,
with the dominating peaks being the 10.0 and 11.0 reflections at
the highest Mg content investigated in the present work. Thus,
polarity corrections can be excluded in the layers with x > 0.16.
The evolution of the lattice constants a and c vs Mg content is
shown in Fig. 8. Overall, it was found that, in comparison to the
relaxed material, the lattice constants of the not intentionally
doped Zn(1�x)MgxO layers are � �0:2% and � �0:3% strained in
the a and c directions, respectively.5,73 On the other hand, differ-
ently from what has been previously reported, the Al introduction
appears to significantly affect only the lattice spacing in the a

FIG. 6. A schematic view of the interfacial band diagram corresponding to the
structures electrically characterized with focus on the correction to the band
alignment related to the intrinsic dipole forming at the Zn(1�x)MgxO:Al/SiOx and
SiOx /Si interfaces. S(XZnMgO � XSi) in Eq. (10) is equal to δ2 � δ1, that is the
difference between the two interfacial intrinsic dipole contributions. The exten-
sion of the band-bending region is not drawn to scale.
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direction with an additional � �0:1% contraction.74 Moreover,
further addition of Mg is found to shorten the c-axis length, while
gradually increasing the a-axis length with, therefore, a minor
impact on the unit cell volume, as expected, considering the similar
ionic radius of Zn2þ and Mg2þ.73 In Fig. 8, the measured values for
the c-axis and a-axis are compared with the expected contraction
and expansion reported in the case of Zn(1�x)MgxO in Refs. 5
and 73. It can be seen that agreement was found between the
experimental values and the expected trends. That is, it can be con-
cluded that within the experimental errors, the Al introduction
does not alter the expected variation of a and c with Mg incorpora-
tion. On the other hand, its impact due to the deformation can be
roughly estimated to downshift the conduction band &0.01 eV if
the in-plane stress is considered isotropic and 6.05 eV, the conduc-
tion band deformation potential evaluated under hydrostatic pres-
sure, is used.75 That is, assuming that the observed strain is
uniform up to the interface, the increase in the a-direction strain
cannot account for the observed �0.27 eV ΔE0

C increase when Al is

introduced. Second, over the full set of samples analyzed, a
maximum downshift of &0.05 eV corresponds to the maximum
strain observed. Finally, as shown and discussed above and in the
supplementary material, despite the morphological and structural
changes related to the Al introduction, the 00.2 reflection is still the
dominant one both in the Zn0:96Mg0:04O and Zn0:94Mg0:06O:Al
case with nominally equal Mg content; hence, effects on the bands
alignment related to the crystal orientation/polarity are expected to
be similar if these two samples are compared. That is, in conclu-
sion, the corrections related to the strain are, in the first approxi-
mation, negligible since of the order of the uncertainty on ΔE0

C and
polarity effects can be excluded as a main cause of its �0.27 eV
increase when Al is introduced.

As mentioned in Sec. II, the first TMA pulse was introduced
after a total number of DEZ+DI and MCp2Mg+DI pulses varying
in the 13–24 range. This corresponds to a distance from the inter-
face of the first Al-doped layer in the �2–4 nm range assuming a
constant growth rate per cycle (GPC), value that is equal to or
slightly larger than the Al distribution FWHM observed by STEM.
Therefore, overall, an interplay between Al and the interface cannot
be ruled out on the basis of the results presented so far even in the
absence of interfacial segregation.37,76 To exclude such an effect,
two additional series of samples with the same nominal Mg
content (fluctuating in the x�0.18–0.20 range according to EDX
measurements) and the first TMA pulse introduced after a total
number of DEZ+DI and MCp2Mg+DI pulses equal to 96 and 384
were grown (hereafter labeled as II and III, respectively) and electri-
cally characterized. In these films, considering a constant GPC, the
first Al-doped layer is expected to be placed �13 and �57 nm far
from the interface in the former and latter cases, respectively.
SIMS measurements performed on this series of samples and
shown in Fig. S6 in the supplementary material confirmed the pres-
ence of the Zn(1�x)MgxO interlayers with its thickness clearly

FIG. 7. Comparison between the XRD pattern of the Zn(1�x)MgxO:Al layers
with Mg content equal to 0.1(1), 0.1(6), 0.2(0), and 0.2(5). The peak positions
of the bare ZnO are also indicated as reference.

FIG. 8. Dependence of the a and c lattice constants on the Mg content. Empty
circles are the values relative to layers where no Al was introduced. The errors
comprehend spatial variations as well as, in the case of the a lattice constant,
variations between the values extracted using the 10.0 and 11.0 peak positions
when both of them were present in the XRD patterns. Solid lines indicate the
expected contraction and expansion reported in the case of Zn(1�x)MgxO in
Refs. 5 and 73 for c and a lattice constants, respectively.
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distinguishable in the case of the III series and equal to � 60 nm,
in agreement with the predicted one and [Al] upper limit
� 1018 cm�3. Selected 1=C2 curves used to extract Vd are shown in
Fig. 9(a) with n of the corresponding Zn(1�x)MgxO:Al layers depos-
ited on glass displayed in Fig. 9(b). As shown in Fig. 9(b), no
dependence of the extracted ΔE0

C on the Al position was
observed.77

In conclusion, no experimental evidence of a possible inter-
play of Al with the interface was found. In addition, corrections
related to strain due to Al and Mg introduction are negligible/
within the experimental errors, and polarity effects can be excluded
for x . 0:14 and, if present, their contribution is similar for x
�0:05 in layers with and without Al. Overall, these findings rather
support the ΔE0

C values extracted in the case of the Al-doped layers,
while suggesting that the ΔECs for the undoped samples reported
in Fig. 4 are apparent values. Indeed, reiterating the analysis based

on Eqs. (3) and (9), it is found that the observed �0.27 eV differ-
ence in ΔE0

C between the Zn0:96Mg0:04O and Zn0:94Mg0:06O:Al
layers can be explained if a �0.46 eV downward band bending
(Ebb) toward the interface with SiOx is present. On the other hand,
ϵF is found in the �0.57–0.47 eV range in the Al-doped layers with
x � 0:14. That is, ϵF is large enough for compensating Ebb in these
samples and, therefore, the extracted ΔE0

Cs are reliable in this case.
Here, it is also worth underlining that, beside variation in the effec-
tive Nd , other factors, like the presence of positive charges at the
Zn(1�x)MgxO=SiOx interface (externally introduced), in the SiOx

78

or polarity induced cannot be excluded on the basis of the data
presented above and are most probably contributing to Ebb consid-
ering its relative large value. Furthermore, as shown in Fig. 5 the
ΔE0

C values are, within the experimental errors, in agreement
with the expected trend also for x . 0:14 where ϵF is in the
�0.38–0.28 eV range. This suggests a reduced Ebb in these samples
pointing to an effective Nd reduction in the interfacial region
and/or lower polarity contribution consistent, at least qualitatively,
with the above presented effects of Mg introduction on the layers’
structural and electrical properties. However, further dedicated
studies are required to firmly confirm this scenario.

Indeed, the extracted ΦZnO
bp and ΦMgO

bp are in very good agree-
ment with the values [(2:8+ 0:1) and (3:9+ 0:3) eV, respectively]
obtained by Mönch in Ref. 23 on the basis of experimental data
from ZnO- and MgO-based heterostructures to a wide variety of
semiconductor counterparts. Moreover, for the holes Schottky
barrier height, a value of �2.2 eV has been extracted from x-ray
photoelectron spectroscopy (XPS) measurements in the case of
metallic RuO2 deposited in situ on ZnO.79,80 The corresponding
ΦZnO

bp is found equal to �2.8 eV applying the equivalent of Eq. (10)

for Schottky contacts and using 5.4 Miedema-unit and 3.7 as Ru
Miedema’s electronegativity and ϵ1 for ZnO, respectively.65,81

Furthermore, the ΦZnO
bp and ΦMgO

bp extracted here, considering that,

as mentioned above, the intrinsic dipole contribution can be
neglected in the case of ZnO/MgO heterojunctions, anticipate ΔWv

in the ZnO/MgO junction case equal to �0.9 eV in agreement with
the XPS measured value for such heterostructures.82 This further
supports our Φbps estimates considering that XPS characterization
is the reference technique for band-alignment studies. In addition,

it justifies a posteriori the assumption of a linear ΦZnMgO
bp depen-

dence over the whole x range, i.e., Equation (11). That is, the above-
mentioned theoretical correction due to the change in crystal struc-
ture is essentially within our experimental uncertainty even though

it might explain the �0.3 eV lower ΦMgO
bp estimate extracted here

with respect to the value found by Mönch. On the other hand, on
the basis of the analysis of Schottky contacts to ZnO using different
metals, ΦZnO

bp was placed (2:45+ 0:05) eV above the valence band

maximum.83 This �0.25 eV difference with respect to the value
obtained here is larger than the generally reported �0.1 eV Φbp

fluctuation between values extracted from Schottky contacts and
heterostructures23 and requires further investigations. Overall,
despite these fluctuations, it should be noted that the values of

ΦZnO
bp and ΦMgO

bp found here are �0.6–0.9 and �1.8 eV lower than

the theoretical calculated ones for ZnO and MgO, respectively.21–23

FIG. 9. (a) Plot of 1=C2 measured at 200 kHz vs the applied voltage in the
case of three selected test structures with the extracted Vd (average between
the five different probing frequencies used) reported in the figure as well. (b) n
and the extracted ΔE0

Cs. In both figures, I, II, and III indicate the series with the
first TMA pulse introduced after a total number of DEZ+DI and MCp2Mg+DI
pulses equal to 24, 96, and 384, respectively. The Mg content in the samples
series shown here varied between (9:1+ 0:3) and (9:9+ 0:3) at. %.
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In this context, it is also worth stressing that in the case of ZnO,
these calculated estimates have been backed up by XPS measure-
ments that are often extended to other material systems with estab-
lished branch point energies by using the transitivity rule. This
approach fails when the electronegativity contribution in Eq. (10) is
significant. Furthermore, possible polarity or reaction effects are
implicitly assumed to be negligible if the transitivity rule is used,
even though this might not be the case especially when lattice
matching substrates/high growth temperatures are used. As an
example, an �0.67 eV difference in the ZnO/GaN valence band
alignment is found if values originally extracted from ZnO/AlN
and ZnO/Cu2O heterostructures are used.84,85

C. Photovoltaic response of the realized structures

As mentioned in the Introduction, the focuses of the majority
of the previous attempts to achieve high yield n-ZnO/p-Si based
solar cells were the technological procedures, the characteristics of
the films deposited, and the photovoltaic response of the devices
realized. On the other hand, little attention was paid to the correla-
tion between these parameters and ΔEC . To fill this gap and
provide a touchstone for further improvements of the perfor-
mances, the electrically characterized n-ZnO/p-Si based hetero-
structures were also measured under STC conditions with the
extracted active area short circuit currents (JSCs), VOCs, and ηs
shown in Figs. 10(a) and 10(b), and in the inset of (b), respectively
(for a full overview of the collected data from which they are
extracted, see Fig. S7 in the supplementary material). The photovol-
taic response of the devices based on Zn(1�x)MgxO layers as well as
ΔEC was found to be close to what has been previously reported in
the case of samples realized similarly but using different growth
parameters for the emitter.20 Furthermore, JSC was observed to vary
in the �33–28 mA/cm2 range with no clear correlation with the
Mg content [see Figs. 10(a), S7(f ), and the corresponding caption
for more details]. Similarly, no dependence on the Mg content was
observed in the case of RS and RP that were found to oscillate in
the �1–6 and * 500Ω cm2 ranges, respectively (the values multi-
plied by the device active area were considered in the analysis of
the photovoltaic response of the examined samples).86 As evident
from Fig. 10(b), the not intentionally doped samples presented the
lowest VOCs that were found to be &340 mV. Note that, as dis-
cussed in the previous Subsection, for these samples, the ΔEC
reported in Fig. 4 is the apparent one and Ebb should be added.
This places ΔEC at the same level as the Zn0:94Mg0:06O:Al one with
the corresponding �40 mV larger VOC observed in this case possi-
bly indicating a slight underestimation of Ebb. A further compari-
son between Figs. 11(b) and 4 reveals that the observed �0.1 eV
reduction of ΔEC following the increasing Mg content from
x �0.06 to �0.09 and from x �0.14 to �0.16 correlates with the
�20 and �40 mV larger VOCs measured, respectively. In addition,
no significant changes in VOC were observed for Mg contents
⪆0.16 consistent with the extracted ΔEC being constant in the
�0.2–0.25 Mg interval. On the other hand, to the �20 mV VOC

increase occurring for x in the �0.09–0.14 range, a corresponding
plateau in ΔEC was found, even though the errors on ΔEC can
mask a possible reduction in this case. As mentioned in the
Introduction, such dependence of JSC and VOC on ΔEC is indeed

expected. That is, overall the trends found are at least in qualitative
agreement with what is expected with a detailed explanation of the
possible minor discrepancies being behind the scope of the present
work. However, the maximum achieved VOCs (�450 mV) and ηs
(�7.2%) are, as in the case of previous reports, far below the theo-
retically predicted ones.18 To exclude possible geometrical effects
and consolidate the found results, full photovoltaic devices were
realized [for a front view see Fig. 11(a)] and their photovoltaic
response tested. This part of the study was limited to test solar cells
with Zn0:8Mg0:2O:Al layers since, on the basis of what is shown in
Fig. 10 and discussed above, they are anticipated to be among the
ones exhibiting the highest η. Furthermore, the Zn0:8Mg0:2O:Al
layer was deposited at 280 and 300 �C since an improvement in the

FIG. 10. (a) The active area JSCs vs Mg content of the devices investigated. In
(b) and the inset, the VOC and η vs Mg content, respectively. In all graphs,
empty circles are relative to layers where no Al was introduced.
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photovoltaic response by increasing the deposition temperature was
reported in the previous published work.20

The J–V characteristics under STC conditions of two selected
samples based on a Zn0:8Mg0:2O:Al layer are shown in Fig. 11(a).
The JSCs as extracted from the J–V characteristics shown were equal
to (27:0+ 0:3) and (29:1+ 0:2)mA=cm2 for the samples with the
Zn0:8Mg0:2O:Al layer deposited at 280 and 300 �C, respectively.
Here, it is worth pointing out that the latter value of JSC is only
�16% lower than �34 mA=cm2, the theoretical expected value for
such structures calculated using commercially available programs
like OPAL and wafer ray-tracing.87 This suggests that JSCs similar

to the ones reported for commercially available HJT are achievable
for such structures if texturized substrates are used.7 The corre-
sponding EQE responses in the 300–1200 nm wavelength range are
shown in Fig. 11(b). Interference peaks, consistent with the planar
structure of the devices, were observed with the EQE oscillating
between �60% and �95% within the 400–940 nm wavelength
range. From these EQE spectra, since the spectral irradiance [E(λ)]
is known, the photocurrent density (JqeSC) was evaluated according
to

JqeSC ¼ e
ðλ2
λ1

EQE(λ)E(λ) dλ, (12)

with λ1 and λ2 being equal to the EQE spectrum limiting wave-
lengths that are 300 and 1400 nm, respectively.

Using for E(λ) the AM1.5 global spectrum ASTM G-173-03
with an integrated power of 1000W=m2 corresponding to the illu-
mination conditions, JqeSC was found equal to (29:0+ 0:1)mA=cm2

in both cases. The substantial agreement between JSCs and JqeSCs not
only confirms the high JSCs found here and in similar structures20

but also excludes a significant contribution from micro-shunts that
act as a shunting load if the cell is irradiated only on a limited area
as in the case of EQE measurements.66 Within the analyzed
samples, the VOC , fill factor (FF), and ηs were observed to vary in
the (430+ 20) mV, (61+ 2)%, and (7:2+ 0:3)%, respectively. On
the other hand, RS and RP were found equal to (3+ 1) and
*1000Ω cm2. That is, the realized solar cells exhibited a photovol-
taic response similar to the test devices. In addition, no significant
differences were found between the samples with the Zn0:8Mg0:2O:
Al layer deposited at 280 and at 300 �C. This finding is indeed con-
sistent with the similar XRD patterns measured (as shown in
Fig. S8 in the supplementary material) in the two cases indicating
the absence of detectable structural changes differently to what is
occurring when lower deposition temperatures are used.20 Finally,
overall, the photovoltaic response of the test solar cells were found
to be stable after 7-month storage in air at RT. With respect to pre-
viously reported characteristics of structures realized with a similar
procedure, the present ones exhibited similar JSCs but a �100 mV
larger VOC ,

20 thus representing a considerable improvement. Here,
it is worth pointing out that, as mentioned in the Introduction,
even though higher values of VOC up to �540 mV have
been reported, overall, these values are anyhow well below the
�620–660 mV range indicated by theoretical simulations or the
highest VOCs achieved in the case of HJTs solar cells that are in the
�0.71–0.75 V range.7 The same holds for the FF that is reported to
be *10% lower than the expected one.16,18,19 In our case, as shown
in Fig. 4, the measured ΔEC is (0:61+ 0:02) eV for Mg contents
varying in the (0.2–0.24) range with the conduction band lowering
contribution due to the many body effects being (0:31+ 0:02) eV,
that is, accounting for �50% of the total. Hence, lower than simu-
lated, VOC as well as FF are indeed anticipated.18 In this respect,
however, it is worth noticing that the relatively high RSs of the real-
ized test solar cells contribute significantly in reducing the latter as
well.88 Furthermore, the fact that, as mentioned above, considerably
lower VOC and FF are experimentally obtained even for devices that
are optimized for photovoltaic purposes suggests that, also in these

FIG. 11. (a) J–V characteristics under STC conditions with the current density
(J) calculated using the active area of the device. In the same figure, a front
view of one of the test solar cells is shown. In (b), the external quantum effi-
ciency (EQE) response of the same samples is shown. A representative curve
for a cell with the Zn0:8Mg0:2O:Al layer deposited at 280 and 300

�C is shown in
both cases.
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cases, a staggered type II band alignment was among the main
factors limiting the obtained ηs that have been reported to be
�10% lower than in the HJTs solar cells case.7,16 Finally, here it is
worth pointing out that the ΔE0

C value for the n-ZnO/SiOx/p-Si
heterostructures of (0:69+ 0:03) eV as well as the ΔE0

C reduction
vs increasing Mg content of (1:7+ 0:2) eV extracted here are con-
siderably different with respect to the ones used in the previously
published simulations that were set to 0.3 and 2.7 eV, respectively.18

Thus, while the trends are preserved, the absolute values extracted
from the simulations are overestimates for a specific Mg content
and the theoretically calculated VOC as well as η represent indeed
upper limits, unless further mechanisms for reducing the conduc-
tion band misalignment between the ZnO-based layer and the Si
substrate are found.

IV. CONCLUSIONS

In this work, a detailed study of the conduction band align-
ment between nominally undoped and Al-doped Zn(1�x)MgxO
layers and (100) p-Si in the presence of native SiOx has been pre-
sented. Considering that even the nominally undoped
Zn(1�x)MgxO layers were degenerate and carrier concentration up
to 4� 1020 cm�3 could be achieved by introducing Al while
keeping the Mg content x , 0:16 conduction band lowering due to
the many body effects was anticipated to have a significant impact
on ΔEC . By correcting the measured ΔEC for this contribution
taking into account the conduction band non-parabolicity of ZnO,
the expected linear increase of ΔEC vs Mg content was recovered
with the extracted proportionality factor being equal to
(1:7+ 0:2) eV. From this dependence on the Zn(1�x)MgxO:Al
layers composition considering the presence of the SiOx interlayer
that accounts for 20% of the bands’ misalignments, and under the
assumption of a linear variation between the respective values of
the corresponding two binary compound semiconductors, ZnO
and MgO, branch point energies for ZnO and MgO equal to
(2:7+ 0:2) and (3:6+ 0:4) eV were extracted, respectively. Full
1� 1 cm test solar cells based on Zn0:8Mg0:2O:Al layers exhibited
short circuit currents, open circuit voltages, fill factors, and efficien-
cies fluctuating in the (28+ 1)mA=cm2, (430+ 20) mV,
(61+ 2)%, and (7:2+ 0:3)% ranges independent of the growth
temperature that was varied in the 280–300 �C range. Besides
further optimization of this kind of structures, the present study
evidences that, even with �12 at. % Mg content, the residual
ΔEC �0.61 eV can be reduced only down to �0.30 eV by decreas-
ing the carrier concentration in the Zn(1�x)MgxO:Al layer, that is,
by minimizing the conduction band lowering due to the many
body effects and the electron–donor interaction. Furthermore,
increasing the Mg content up to x �0.35, the maximum Mg
content reported for the Zn(1�x)MgxO wurtzite phase would result
still in a type II band alignment with ΔEC � 0:11 eV. Therefore,
alternative routes should be investigated to further improve the
photovoltaic performances of devices based on n� Zn(1�x)MgxO:
Al/SiOx/p-Si.

SUPPLEMENTARY MATERIAL

See the supplementary material for additional experimental
details: S1: The ratio of the Mg atomic content and the sum of the

Zn, Mg, and Al atomic content vs the ratio between the Mg
number of ALD cycles and the sum of the Zn, Mg, and Al ones.
S2: HAADF STEM and EDS elemental mapping images of the
Zn0:84Mg0:16O:Al and Zn0:75Mg0:25O:Al layers. S3: ABF and
HAADF STEM images of the Zn0:94Mg0:06O:Al, Zn0:84Mg0:16O:Al,
and Zn0:75Mg0:25O:Al layers. S4: Comparison between the SEM
cross-sectional, top view images and XRD patterns of Zn(1�x)MgxO
layers on Si with the same nominal Mg content with and without
Al. S5: SEM cross-sectional, top view images of selected
Zn1�xMgxO:Al and XRD patterns of Zn1�xMgxO:Al layers over the
whole Mg interval investigated with and without Al. S6: SIMS pro-
files of Zn(1�x)MgxO:Al layers where the first TMA pulse was intro-
duced after a total number of DEZ+DI and MCp2Mg+DI pulses
equal to 24, 96, and 384 (series I–III in the main text). S7:
Complete overview of the photovoltaic response of the devices pre-
senting the structure shown in the inset of Fig. 3(a) in the main
text. S8: Comparison between the XRD patterns of Zn0:8Mg0:2O:Al
layers deposited at 280 and 300 �C.
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