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Abstract

Thin film optoelectronic devices commonly require an individual material to perform multiple functions, but the physical properties
of single-composition materials often cannot be tuned to optimize these diverse requirements. The electron selective contact layer
in perovskite solar cells is a prime example. The material must simultaneously have optimal conduction band alignment, facilitate
carrier extraction, prevent recombination, and provide a chemically stable interface with the notoriously volatile perovskite semi-
conductor. The pulse-by-pulse nature of the thin-film deposition method pulsed laser deposition (PLD) provides an opportunity to
form material alloys where the chemical composition is controlled at the nanometer scale. These digital alloys may prove to be
a powerful materials class to meet some of the multifunctional needs of thin film devices. Using PLD to make electron transport
layers from ZnO and MgZnO targets, we demonstrate that digital alloy gradients can be tuned to significantly outperform either of
the parent materials in perovskite solar cells.
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1. Introduction

Metal oxides, due to their robust nature and tunable proper-
ties, have been used to perform every function in photovoltaic
devices.[1] These functions often require specific thermal, op-
tical, chemical, surface, and electrical properties which are of-
ten anti-correlated. They are used as a transparent conductive
electrode, [2, 3, 4] a rectifying carrier-specific contact layer,
[5, 6, 7, 8, 9, 10, 11, 12] a structural/morphological scaffold,
[13, 14] or an n-type acceptor in heterojunction solar cells.
[14, 15] In addition to their use as the absorber[1, 16], ox-
ides have been employed extensively as electron transport lay-
ers (ETL) (TiO2, SnO2, ZnO)[17, 18, 19] and hole transport
layers (HTL) (NiO, WO3) [20, 21] in perovskite solar cells.
Functioning as the ETL in a perovskite solar cell, the oxide
layer is required to promote the collection of electrons from the
bulk perovksite, inhibit electron-hole recombination, and form
a chemically stable interface that prevents phase separation and
photocatalytic decomposition of the perovskite. [17, 18, 19] An
intrinsic (TiO2) ETL has been shown to occupy the region of
the strongest electric field, indicating that the oxide-perovskite
interface is the location of the primary p-n heterojunction that
drives charge separation in a perovskite solar cell.[22] Effi-
cient extraction of carriers from the cell mandates precise band
alignment at the heterojunction interface, high carrier mobility
in the bulk, strong band-bending near the interface (high bulk
carrier concentration), and low interfacial carrier concentration.
[9, 23] It is evident that the multiple requirements placed on this
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one layer dictate different material properties at different posi-
tions within the film, specifically bulk and interfacial proper-
ties. Given that the layer thickness ranges from 10 nm to 200
nm, the requirements demand positional control of the material
composition at the nano-scale.

Pulsed laser deposition (PLD) allows layer-by-layer com-
positional control during ETL deposition [24, 25, 26, 27] by
changing the material target between sequential pulses creat-
ing a digital alloy thin film. Digital alloys are generally de-
scribed as short-period superlattice films that takes on desired
bulk properties.[28, 29, 30, 31, 32] The digital alloy films in this
work employ discrete steps at both the nanometer and the sub-
monolayer scale to achieve the desired properties. The films
are deposited in bursts as individual laser pulses ablate the sur-
face of the material target, requiring roughly 10-50 pulses to
form each monolayer of the film. Target-switching has pre-
viously been used to create alloys, [33, 34] and digital-alloy
superlattices of complex oxides for advanced ferroelectrics,
quantum paraelectrics, ferromagnetics, Mott-Hubbard insula-
tors, and high-temperature superconductors. [26, 35, 36, 37,
38, 39, 40, 41, 42, 43] Ohtomo et al. have demonstrated remark-
able optical properties of band-gap modulated superlattices of
ZnO and MgxZn1−xO produced by PLD and molecular beam
epitaxy. [44, 45, 46, 47, 48] PLD yields an unparalleled degree
of structure and property control among the possible process-
ing methods. According to Christen and Eres, it is “the tool of
choice for the growth of complex oxide materials.” [24]

In this work, we have used PLD to produce digital alloy ZnO-
based ETLs for perovskite solar cells. The solar cells employ
a formamidinium/methylammonium/Cs triple cation, I/Br dual
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anion perovskite (FAMACs) active layer with Spiro-OMeTAD
HTL. While ZnO is not a state-of-the-art ETL material in terms
of either device performance or stability, it does offer several
key properties that allow us to explore the potential of digital-
alloy films. The n-type carrier concentration in ZnO may be
controlled by doping [3, 45, 49, 50, 51, 52, 53, 54], or by con-
trolling the oxygen partial pressure during deposition. [9]. The
conduction band edge may be raised and band-gap widened up
to 800 meV by isovalent-substitution of Mg up to 40%. [23] We
use the combination of oxygen partial pressure and a per-shot
selection of ZnO and Zn0.83Mg0.17O targets to create digital al-
loys with controlled conductivity and conduction band energy
at each step of the layer-by-layer growth. These alloys can be
tuned to meet the complex bulk and surface requirements of
transport layer films, allowing the realization of devices with
improved photovoltaic performance compared to either of the
parent materials.

2. Experimental Details

2.1. Materials

The ZnO and Mg0.17Zn0.83O targets for PLD were ob-
tained from Plasmaterials, indium-tin oxide (ITO) patterned
glass substrate was purchased from Thin Film Devices, SnO2
(15% in H2O colloidal dispersion) from Alfa Aesar. For the
FAMACs perovskite, FAI and MABr were purchased from
Dyesol, PbI2 and PbBr2 from Alfa Aesar, Spiro-OMeTAD from
Sigma Aldrich, molybdenum(VI) oxide (99.99%) from Sigma
Aldrich, and silver (99.99%) from Kurt J. Lesker. All the chem-
ical reagents were used without any further purification.

2.2. PLD Digital Alloys

PLD was used to fabricate thin films of ZnO with varied Mg
substitution concentration up to 17% at a range of oxygen par-
tial pressures from 5 mTorr to 50 mTorr. The deposition rate
was calibrated for ZnO as 10 pulses per Å, for Mg0.17Zn0.83O as
20 pulses per Å. The energy per pulse of the laser was roughly
750 mJ. Switching between targets with varying pulse ratio
allows for deposition of films with Mg concentration ranging
from 0 to 17%.

2.3. Device Fabrication

The FAMACs active layer was deposited from a solution
prepared from a mixed FAMACs powder dispersed by ball
milling.[55] A salt mixture of 3.54 g FAI, 0.461 g MABr,
10.44 g PbI2, 1.511 g PbBr2, and 0.339 g CsI was ball
milled over night to ensure complete mixing. 760 mg of
the mixture was dissolved in 1 ml of a DMSO:DMF sol-
vent mixture at a 4:1 volume ratio. The HTL solution was
prepared by adding 72 mg Spiro-OMeTAD and 28 µl of 4-
tert-butylpyridine to 1 mL chlorobenzene. 17 µl of dopant
stock solution was added, which consisted of 520 mg/mL
bis(trifluoromethanesulfonyl)imide (Li-TFSI) in acetonitrile.
For control devices, the ETL solution was prepared by diluting
SnO2 (15% in H2O colloidal dispersion) with deionized water
at a 1:4 volume ratio.

Perovskite solar cells were fabricated on ITO patterned glass
substrates. All glass and ITO substrates were cleaned by se-
quential ultrasonic brush in water with Liquinox detergent,
rinsed with deionized water, ultrasonic bath with acetone, and
isopropanol for 15 minutes each followed by a 15 min UV-
ozone cleaning. For control devices, the SnO2 nanoparticle so-
lution spin-coated at 3000 rpm for 30 seconds and annealed for
30 minutes at 150 ◦C was used as the ETL. Digital alloy ETLs
were deposited with 25 nm total thickness on ITO as described
above. All ETLs were treated with a 15 min UV-ozone clean-
ing. The slides were moved to a nitrogren environment and the
solution-processed FAMACs perovskite layer was applied by
spin coating at 1000 rpm for 10 seconds then 6000 rpm for 20
seconds. An anti-solvent chlorobenzene rinse was applied via
dynamic spin 14 seconds into the 6000 rpm cycle. The slides
underwent a post annealing treatment for 60 minutes at 105 ◦C
then were removed from the hot plate and allowed to cool for
1 minute before spin coating the Spiro-OMeTAD HTL at 5000
rpm for 30 seconds. Following deposition of the HTL, slides
were moved to a dry environment in air for 12+ hours to al-
low the SpirO-OMeTAD to oxidize. Cathodes were deposited
in a glovebox-integrated thermal evaporator (Angstrom Engi-
neering, Inc.). MoOx of thickness 10 nm is deposited at a rate
of 0.1 Ås−1 as a hole collecting interlayer and aluminum top
metal electrode of 100 nm thickness was deposited at a rate of
0.5 Ås−1 with a base pressure of 1.0 × 10−7 Torr. Completed
devices were stored in a nitrogen glove box (<1 ppm H2O and
O2) before testing.

2.4. Characterization

Sheet resistance was characterized using Four Point Probe.
Thickness was measured using a profilometer (Dektak 8). Elec-
trical transport characterizations were carried out using Hall ef-
fect measurements on ZnO and Mg0.17Zn0.83O in the van der
Pauw geometry using the Physical Property Measurement Sys-
tem (PPMS) (Quantum Design PPMS Dynacool) by applying
an external magnetic field from -10 T to 10 T.

The crystallinity and preferred crystal orientation of ZnO
(deposited at 5 mTorr, 10 mTorr, 20 mTorr, 30 mTorr, 40 mTorr,
50 mTorr), and the FAMACs perovskite on ZnO, Mg0.17Zn0.83O
and SnO2 annealed at 110◦C were characterized using X-ray
diffractometer D8 Discover, Bruker with a Hi-Star 2D area de-
tector using Cu Kα radiation (1.54 Å).

The solar cell device performance measurement was taken
under a simulated AM 1.5G illumination 100 mW cm−2, Oriel
Sol3A Class AAA Solar Simulator by Newport at room tem-
perature under nitrogen atmosphere. The solar simulator was
calibrated with an encapsulated Si reference diode with KG 2
filter. Devices were masked with a metal aperture with size
0.059 cm2 and swept between -0.5 V and 1.5 V with a step size
of 0.01 V at a rate of 0.8 V/s in both forward and reverse direc-
tions. Reverse-scans are reported here.
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Table 1: Electrical properties of ZnO PLD thin films at room temperature, de-
posited at various O2 partial pressures.

O2 partial
pressure
[mTorr]

Resistivity
[Ω cm]

Electron
mobility
[cm2/Vs]

Carrier concentra-
tion [cm−3]

5 2.19 × 10−3 15.96 1.79 × 1020

30 8.26 × 10−2 1.34 5.64 × 1019

40 1.06 × 10−1 1.12 5.30 × 1019

50 2.04 × 10−1 0.64 4.76 × 1019

3. Results and Discussion

3.1. Digital Alloy Oxide Films
We first characterize the range of physical properties attain-

able using the digital alloy PLD method in our ZnO-based ETL
layers. By varying the O2 partial pressure during deposition
from a ZnO target, we were able to control the carrier concen-
tration and overall conductivity of the oxide film. ZnO films
were deposited onto glass slides at O2 partial pressures ranging
from 5 mTorr to 50 mTorr. Electrical transport properties of
the films were measured using a 4-point probe and a Hall mea-
surement system using a van der Pauw configuration under a
10 T magnetic field. Resistivity (ρ), electron mobility (µ), and
bulk carrier concentration (n), were measured and are shown
for several partial pressures in Table 1.

The resistivity of the ZnO films ranged from 2.04 × 10−1 Ω

cm at 50 mTorr partial pressure to 2.19×10−3 Ω cm at 5 mTorr.
Lower O2 partial pressure during deposition corresponds to a
higher conductivity due to a combination of roughly 4-fold
increase in carrier concentration and roughly 25-times higher
electron mobility.

Deposition of thin films from a target consisting of
Mg0.17Zn0.83O, at 50 mTorr O2 partial pressure results in highly
insulating films. The per-pulse deposition rate was 20 pulses
per Å for this Mg0.17Zn0.83O target, and 10 pulses per Å for
the pure ZnO target. Switching between these targets with well
defined pulse-per-target ratio (ZnO:MgZnO) allowed us to gen-
erate films with 5.67% (1:1), 8.5% (1:2), and 11.33% (1:4) Mg,
blending the two target compositions at the monolayer level.
According to Ohtomo[45] and Olson[23], this range increases
the bandgap of the ZnO by 400 meV, from roughly 3.2 - 3.3 eV
to roughly 3.6 - 3.7 eV as a linear function of Mg concentration.
The bandgap increase is primarily due to a raising of the con-
duction band level.[45, 23, 56, 57, 49] All of the ZnO films with
varying Mg content and deposited at different O2 partial pres-
sures were found to be ZnO wurtzite structure, as has been pre-
viously reported for similar PLD films.[57] The wide bandgap
materials and the very thin (5 to 25 nm) films show no signif-
icant increase in absorption or reflection of visible light which
could potentially interfere with photocurrent generation in solar
cells, as can be seen in Figure S1.

3.2. Perovskite Oxide Interfaces
Fixed-composition oxide thin films are routinely used as

ETLs in perovskite solar cells. Here we compare the photo-
voltaic performance of devices employing thin films of ZnO
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Figure 1: Performance of perovskite solar cells with SnO2, ZnO (50 mTorr),
and Mg0.17Zn0.83O (50 mTorr) ETLs.

and Mg0.17Zn0.83O deposited by PLD to a film of SnO2 de-
posited by spin coating from a nanoparticle suspension, a state-
of-the-art ETL in terms of device performance and stability.[58]
The J-V curves for these devices are shown in Fig. 1. The
SnO2 device showed significantly higher performance than the
other contact layers with a power conversion efficiency (PCE)
of 17.2%. The ZnO and Mg0.17Zn0.83O devices showed power
conversion efficiency (PCE or η) values of 2.5% and 1.1% re-
spectively. Both of the devices employing the PLD oxide ETL
films show a nearly four-fold reduction in short circuit current
density (JSC), a 100 mV lower open circuit voltage (VOC), and
significantly lower fill factor (FF) compared to the SnO2-based
device. The Mg0.17Zn0.83O-based device shows clear field-
dependent carrier extraction and a counter-diode region from
roughly 0.7 to 1.2 V forward bias where neither injection nor
extraction of photogenerated carriers occurs efficiently. This is
very likely due to the low conductivity and highly insulating
nature of the 25 nm thick Mg0.17Zn0.83O layer. The poor per-
formance of the ZnO-based device requires more explanation,
as ZnO has been shown to act as a high-performance ETL for
various PV technologies.[5, 59, 60, 61]

The surface chemistry of ZnO presents a significant problem
for use in perovskite solar cells. ZnO has been shown to proto-
nate methylamonium and produce PbI2 at a perovskite interface
upon thermal annealing.[62] The XRD patterns of FAMACs
perovskite films deposited onto the oxide films employed as
ETLs in the devices above are shown in Fig. 2. A PbI2 (001)
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Figure 2: XRD patterns of the FAMACs Perovskite layer on the surface of
ZnO (PLD), SnO2 (from solution), and Mg0.17Zn0.83O (PLD). All films were
annealed at 110◦C for 30 min.

peak is clearly evident at the ZnO/FAMACs interface, that is not
present with the other oxide films. The FAMACs perovskite un-
dergoes a decomposition into PbI2 at the ZnO interface, which
results in the low performance of the solar cells employing a
ZnO ETL.[63] While Mg0.17Zn0.83O may provide a more chem-
ically stable interface than ZnO, it is limited as an ETL by its
charge transport properties. The demand for an ETL material
to serve different functions at the interfaces and in the bulk mo-
tivates the development of digital alloy contact layers with con-
trolled composition at each layer of the film.

3.3. Digital Alloy Gradient ETLs in Perovskite PV

An efficient ETL must achieve precise conduction band
alignment while maintaining a stable interface and efficient
charge extraction. On their own neither ZnO nor MgxZn(1−x)O
can meet all of these requirements. By combining the two ma-
terials using the digital alloy technique, the favorable proper-
ties of each material may be simultaneously optimized for de-
vice performance. To test this hypothesis, we designed three
different Digital Alloy contact layers, based on the single-
composition ETLs which indicated that interface between ZnO
and the FAMACs perovskite is chemically unstable, while
Mg0.17Zn0.83O provides a stable interface but the bulk resistivity
inhibits carrier extraction from the device. A schematic show-
ing these three ETLs in the perovskite solar cell device archi-
tecture is shown in Fig. 3.

Our first digital alloy ETL film directly addresses these chal-
lenges by applying a 5 nm Mg0.17Zn0.83O interface capping
layer to 20 nm of bulk ZnO deposited at an O2 partial pres-
sure of 5 mTorr to minimize resistivity. This interface capping
layer does not result in an improvement in solar cell perfor-
mance. The brown dashed J-V curve in Fig. 4 shows residual
counter-diode behavior from the capping layer, and an overall
poor carrier extraction resulting in low JSC. Yet PLD digital
alloys allow a significantly higher degree of control over the
material composition.

Our second digital alloy ETL utilizes a gradient of Mg con-
centration to gradually raise the band gap energy through the
film. The partial pressure during deposition was held constant
at 5 mTorr while the Mg dopant concentration was increased
from 0% to 17% in 5 steps. This is designed to preserve a higher
conductivity film, while creating an energetic staircase in the
ETL conduction band to drive photo-generated electrons away
from perovskite/oxide interface. Perovskite solar cells based on
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Figure 4: Performance of perovskite solar cell with various ZnO-based digital
alloy ETLs.

this Bandgap Gradient digital alloy ETL (Fig. 4) show higher
power conversion efficiency than either of the devices based on
the ZnO or the Mg0.17Zn0.83O ETL shown in Fig. 1. However,
the high conductivity appears to increase carrier recombination
at the interface, resulting in a low VOC and FF.

The third digital alloy ETL addresses this recombination
using the same gradient in Mg concentration while also in-
creasing the O2 partial pressure from 10 mTorr to 50 mTorr
over the 5 steps. The design of this Bandgap & Conduc-
tivity Gradient allowed for the bandgap energy to incremen-
tally increase towards the perovskite interface while simulta-
neously decreasing the conductivity through the film, with the
interfacial layer having the lowest carrier concentration. De-
vice performance metrics for the three digital alloy ETLs can
be seen in Table 2, and the J-V curves are shown in Fig.
4. It is clear that the digital alloy ETL where both the band
alignment and the conductivity change in a five-step gradient
from the ITO to the FAMACs interface results in the highest
VOC, JSC, and power conversion efficiency of the digital alloy
films, with performance significantly higher than either of the
single-composition ZnO or Mg0.17Zn0.83O ETLs. This repre-
sents a combination of improved chemical stability at the in-
terface which prevents decomposition of the perovskite, and
a balancing of the band-bending and energetic offset to en-
courage charge carrier separation and prevent recombination at
the ETL/perovskite interface, which acts as the primary junc-
tion driving charge separation.[9, 22] The five-step gradient
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Figure 3: Device schematic of the perovskite solar cells with digital alloy ETLs, and a detailed schematic of the three digital alloy ETLs employed in this work.
Total ETL thickness is 25 nm in each case.

Table 2: Single-composition (first three) and digital alloy (last three) ETL based
solar cell performance metrics.

ETL
VOC
[V]

JSC
[mA/cm2]

FF η
[%]

SnO2 (nanoparticle) 1.15 21.07 0.71 17.20
Mg0.17Zn0.83O 1.04 7.46 0.15 1.16
ZnO 0.98 5.92 0.42 2.44
Interface Capping 1.04 1.52 0.53 0.83
Bandgap Gradient 0.94 9.79 0.29 2.66
Bandgap & Cond-
uctivity Gradient 1.11 12.91 0.34 4.83

of conduction-band level and carrier concentration provides a
series of energetic barriers for recombination, with increas-
ing electric field strength at the critical interface with the per-
ovskite. While the optimized digital alloy ZnO-based device
does not compare favorably to the state-of-the-art SnO2 ETL,
partially due to the unoptimized active layer formulation and
processing for this contact layer[64, 65, 66], it demonstrates
that the degree of control afforded by digital alloy PLD films
can be used to optimize materials for purposes where a constant
composition would be insufficient.

4. Conclusions

We show that deposition of digital alloys can be used to
combine favorable properties of two materials that, on their
own, fail to meet the multifunctional demands placed on thin
films in optoelectronic devices. PLD films of both ZnO
and Mg0.17Zn0.83O are shown to perform poorly as ETLs in
FAMACs perovskite solar cells. One creates a chemically un-
stable interface resulting in decomposition of the perovskite,
and the other creates a low-conductivity region that prevents
carrier extraction at low-field. Although ZnO presents an un-
suitable interface, and Mg0.17Zn0.83O presents bulk transport
limitations, simply capping the ZnO bulk with an interfacial
Mg0.17Zn0.83O does not result in efficient collection and extrac-
tion of carriers. We show that PLD may be used to create digi-
tal alloy ETLs with finely controlled energetic and conductivity
gradients, ultimately resulting in an ETL that significantly out-
performs either of the parent materials.
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