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Abstract
Transparent and electrical conducting p-type off-stoichiometric copper–chromium oxide thin films were used to build 
p-Cu0.66Cr1.33O2/n-ZnO heterojunctions. The junctions were fabricated in a novel and simple five step process including 
metal organic chemical vapour deposition, atomic layer deposition, chemical wet etching, and optical lithography. One last 
step of thermal annealing, with varying temperatures of 650 and 700 °C, is added in order to tune the electrical properties of 
delafossite and consequently the electrical features of p–n junctions. This work was developed to address the lack of trans-
parent and industrially scalable rectifying p–n junctions that can open multiple application paths in transparent electronics. 
A competitive ideality factor η of 6.6 and a transmittance in the visible range of 50% were achieved. An understanding of 
the electronic response of junctions is presented herein as well as a deepening comprehension of the physical properties of 
materials, with the bands alignment and the Fermi level tuning.

1 Introduction

In the recent years, wide bandgap semiconductors have been 
investigated in order to build a transparent p–n junction. 
Challenges still exist in creating a heterojunction that com-
bines a relevant bands alignment with a satisfying rectifying 
behaviour while remaining optically transparent over the vis-
ible wavelength range [1]. Simple transparent p–n junctions 
can derive into photodetectors and photovoltaic cells and can 
open paths to more complex device as transparent transistors 
[2]. From this perspective, transparent conductive oxides 
(TCOs) are a special kind of materials that combine high 
electrical conductivity, interesting carrier mobility and large 
optical bandgap [3, 4]. Homo-junctions were explored in 
the past, mainly focused on the zinc oxide [2]. Despite that 
its p-type conductivity was reported (under non-equilibrium 
conditions) [5], the problem of dopants asymmetry induc-
ing furthermore the lack of reliability of the p-type layer 
impedes an adequate utilization of ZnO homo-junctions. The 
best electrical performances, combining high  ION/IOFF ratio 
and ideality factor closer to 1 were reported by Grundmann 

et al. [2] for NiO/ZnO  (ION/IOFF = 2 × 1010 at ± 2 V and an 
ideality factor η = 1.9) and for CuI/ZnO  (ION/IOFF = 6 × 106 
at ± 2 V and an ideality factor η = 2.1). The ratio between the 
diode forward current and the off-state current, measured at 
a given ± V, is a standard measurement of the quality of the 
diode, by the distinction of a clear ON and OFF state. The 
ideality factor is a factor that relates how close the diode 
behaves compared with the ideal equation, which is a factor 
related to the carriers recombination, where 1, represents 
normally a diode limited by the minority carriers. However 
the measured transmittance was under 50% for both cases, a 
value not well fitted for transparency. Moreover, the fabrica-
tion method was pulsed laser deposition (PLD), a high-cost 
technique with important limitations in terms of industrial 
uses, since it is nearly impossible to prepare uniform thin 
films on a large scale area [6].

Among n-type TCOs, indium tin oxide (ITO) is already 
widely used in flat panel displays, touch screens or light 
emitting diodes. Nonetheless the high cost of indium and 
its toxicity reclaim alternative solutions and at the moment 
the most promising one seems to be the zinc oxide (ZnO), 
a direct bandgap semiconductor with suitable electrical and 
optical properties (Eg = 3.4 eV [7], transmittance above 80% 
in the visible region [8–10]), high chemical resistance and 
low fabrication cost compared with ITO. ZnO, in its un-
doped or doped forms (Al:ZnO or Ga:ZnO) starts already 
to find their way into applications [11–14].
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Whilst the problem of finding an adequate n-type semi-
conductor seems to be solvable/solved, the search for a 
matching p-type semiconductor is still ongoing. The chal-
lenge in achieving a capable p-type TCO rise from the 
intrinsic electronic structure of metal oxides with the top 
of the valence band composed by strongly localized oxy-
gen 2p orbitals. This results furthermore in difficulties in 
introducing shallow acceptors and consequently high effec-
tive masses of carriers [13]. In 1997, Kawazoe et al. [14], 
suggested a new method for the modulation of the valence 
band for  AMO2 (with A = Cu or Ag and M = Al, Sc, Cr, Fe, 
Ga, or Y) [15] with the delafossite structure. This modula-
tion is explained by the covalent bonding between Cu 3d10 
and O 2p6 (with close energy levels), resulting in a disper-
sion of the top valence band that furthermore ameliorates 
holes delocalisation. This model explains thus the higher 
holes mobility (above 1 cm2 V−1 s−1) achieved in this type 
of materials when comparing with other TCOs [18]. Among 
copper delafossites,  CuCrO2 presents a high density of states 
of 3d cations  (Cr3+) near the valence band maximum allow-
ing thus the covalent mixing between the chromium and oxy-
gen atoms and a good dopability [17]. The interest in these 
particular materials has grown since Nagarajan et al. [19] 
reported the highest conductivity (220 S cm−1) of delafossite 
compounds for Mg doped  CuCrO2 whilst they measured an 
optical transparency of 30% in the case of 270 nm thin films. 
There are usually two ways of doping  CuCrO2 thin films, 
intrinsic doping which is attributed to copper vacancies and 
oxygen interstitials, and extrinsic doping of which Mg is the 
most common, but also Fe, N or Zn can be considered [13]. 
Recent papers report the fabrication of a new peculiar phase 
of copper chromium delafossite characterized by an impor-
tant deficit of copper. High electric conductivities and ade-
quate transparency in visible range [16] were measured for 
such thin films, deposited using chemical vapour deposition.

With the controlled tunability of carrier concentration 
and good increase of optical transmittance over the anneal-
ing processes [17] this particular material might became a 
viable option for the introduction and study of a transparent 
p–n junction [18]. As-deposited films present high carrier 
concentration, up to  1022 cm−3, attributed to chains of miss-
ing copper [19]. Although of great interest for p-type TCO 
applications, these high values are unsuitable for building 

reliable p–n junctions. Fortunately, the metastable nature 
of these peculiar defects makes possible the tuning of car-
rier concentration by using thermal annealing steps. During 
such processes the copper chains vacancies are progres-
sively healed while the films stoichiometry and morphology 
remain unaltered. By using annealing temperatures within 
650–900 °C range the carrier concentration was diminished 
from  1021 to  1017 cm−3 while the electrical conductivity and 
drift mobility were varied few orders of magnitude. More 
important, the manipulation of Fermi level and the improve-
ment of optical transmittance from 38% to values above 60% 
were reported [17].

Several works reporting previously the fabrication of 
 CuCrO2/ZnO p–n junctions were using only PLD [20–23] 
as the fabrication method. As already mentioned, this fabri-
cation method is not suitable for industrial applications due 
to its lack of efficient scalability. The present paper sug-
gests a new versatile and technological readable approach 
combining MOCVD, ALD, lithography followed by an 
annealing step in order to create a better interface and to 
produce a more favourable band-alignment. This process, 
schematically illustrated in Fig. 1 provides a promising, 
simple, straightforward and cheap fabrication method, eas-
ily scalable into large area for industrial purposes (Fig. 1). 
The junction was annealed at 650 °C and at 700 °C. The 
electrical and optical behaviour of the junction is therefore 
compared for these annealing temperatures, together with a 
deeper investigation of the changes in the physical proper-
ties of materials.

2  Materials and methods

Cu0.66Cr1.33O2 films were deposited on a sapphire substrate 
using Direct Liquid Injection—Metal Organic Chemical 
Vapour Deposition system DLI-MOCVD, (MC200 from 
Annealsys). The used copper and chromium precursors are 
bis[2,2,6,6-tetramethyl-3,5-heptanedionato] copper(II) and 
tris[2,2,6,6- tetramethyl-3,5-heptanedionato]chromium(III), 
respectively (Cu(thd)2 and Cr(thd)3, Strem Chemicals). 
Cyclohexane solutions with a total precursor concentra-
tion of [Cu(thd)2] = [Cr(thd)3] = 2,5 mM were used. The 
total canister solution used was 1 L of Cyclohexane with 

Fig. 1  Schematic production chain of p–n junction, representing the five steps to reach a rectifying diode
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1.075 g Cu(thd) + 1.5 g Cr(thd). The deposition parameters 
used were: substrate temperature of 450 °C, oxygen flow of 
2000 sccm, nitrogen flow of 850 sccm and the total process 
pressure was 12 mbar. The process used followed the previ-
ous optimization detailed by Lunca Popa et al. [18]. ALD 
deposition of ZnO was next deposited, on glass substrate 
for the thin film study and on top of the delafossite film, 
deposited on sapphire to make a p–n junction, following the 
process described by Roge et al. [24] at 150 °C. Argon was 
used as purge and carrier gas, for 500 cycles and with a pulse 
sequence: Diethylzinc (DEZ, Zn(C2H5)2) pulse 150 ms—
purge 10 s—H2O pulse 200 ms—purge 10 s.

The annealing processes were performed at 650 and 
700 °C in a Rapid Thermal Annealing reactor (from Anneal-
sys) at a pressure of 0.3 mbar under a nitrogen flow of 25 
sccm. The temperature step for heating and cooling was 
5 °C s−1. The annealing time considered includes only the 
plateau regime. Prior to deposition, the substrates were 
cleaned in acetone and ethanol and dried with nitrogen jet.

Kevin Probe Force Microscopy (KPFM) measurements 
have been performed on a Bruker Innova using the surface 
potential mode as amplitude modulation. Surface topogra-
phy is obtained in the first pass and the surface potential is 
measured on the second pass. Freshly cleaved highly-ori-
ented pyrolitic graphite (HOPG) is used as reference. The 
measurements are performed under dry  N2 atmosphere to 
avoid contaminations on the surface.

The films morphology and thickness were inspected using 
scanning electron microscopy (SEM) using 10 kV of accel-
eration voltage. The structure of the grown films was studied 
by X-Ray Diffraction (XRD) using a Bruker D8 Discover 
system using monochromatic Cu Kα radiation (l = 1.54 Å) 
at 40 kV and 40 mA. The scans were performed in the graz-
ing incidence (GI) geometry using a scanning step of 0.02°.

The patterning processes were performed by means 
of lithography. First a layer of HDMSwas spin-coated 
at 4000  rpm for 30  s, with an with an acceleration of 
1000 rpm s−2. It was then baked for 60 s at 115 °C. Then a 
layer of Shipley S1813 was spin-coated for 60 s at 4000 rpm, 
with an acceleration of 1000 rpm  s−2, leading to a 1.2 µm 
layer. After it was baked for 60 s at 115 °C. The exposition 
was made with a MLA 150 from Heidelberg Instruments 
using a dose of 90 mJ cm−2. After exposure, the samples 
were developed using MF319 for 40 s and rinsed for 30 s. 
The samples were dipped in  FeCl2 at 0.1% for 15 s to etch 
the ZnO, with an expected etched thickness of 100 nm.

The electrical characterization of the junction used a con-
figuration with two points at different voltage, with a voltage 
sweep and measuring the current between the two tungsten 
tips. The sweep tip was kept on the  Cu0.66Cr1.33O2 contacted 
with silver paste and constant 0 V was kept on ZnO pads. 
The carrier concentration of ZnO was measured using Hall-
effect measurements with a magnet of 0.562 T using Van 

der Pauw configuration. In the case of the delafossite, these 
values were extracted from the measurement of the Seebeck 
coefficient, using small polaron model.

3  Results and discussion

The fabrication of transparent diodes based on ZnO and 
 Cu0.66Cr1.33O2, started with the deposition of  Cu0.66Cr1.33O2 
on sapphire substrate at 450 °C followed by ZnO deposited 
at 150 °C. Sapphire was chosen as a substrate due to its high 
temperature stability being adequate for wide temperature 
range studies.

The thickness of films as measured by cross-sectional 
SEM, was found to be 250 nm for  Cu0.66Cr1.33O2. The zinc 
oxide layer was measured by elipsometry on a silicon sample 
located next to the sapphire sample during the ALD deposi-
tion, resulting in 65 nm as shown in Fig. 2. As deposited 
ZnO presents a carrier concentration of 5 × 1019 cm−3, with 
an associated conductivity of 120 S cm−1. While delafossite 
films present a carrier concentration of 2 × 1021 cm−3, with 
an associated conductivity of 20 S cm−1. Films present high 
electrical conductivities, that leads to an ohmic behaviour 
of the junction, showing a non-rectifying response as later 
described. The annealing effects on the delafossite have been 
reported in our previous work [17]. A decrease of the carrier 
concentration for temperatures above 650 °C was observed. 
With 700 °C annealing for 15 min, a decrease of the carrier 
concentration to  1019 cm−3 is obtained, for the delafossite 
films. On the other hand annealing ZnO at 650 °C for 15 min 
has also a significant impact reducing the carrier concentra-
tion to values below  1018 cm−3.

Figure 3 depicts a projection of the band-diagram of the 
films, using the combination of data from Refs. [25–27] and 
the results of measurements of the work function for the dif-
ferent annealing temperatures. The reported electron affini-
ties for ZnO and  CuCrO2 suggests a type-II band alignment 
in between our delafossite and ZnO.

KPFM measurements were performed on samples, cor-
responding to the different annealing temperatures presented 
herein, as-deposited, 650 °C and 700 °C. The measure-
ments were performed alternatively between HOPG ref-
erence and the sample, in order to compensate for drifts 
due to contaminations of the tip. In order to compensate 
the vacuum levels misalignment KPFM insert a voltage 
VDC = (Φtip − Φsample)/e where, Φtip (Pt–Ir) = 5.5 eV. 
The work function ΔΦ is measured according to:

where χ is the electronic affinity (2.1 eV for copper chro-
mium delafossite [27], 4.3 eV for zinc oxide [25, 26]), Eg is 
the band gap (3.2 eV for copper chromium delafossite [27], 
3.4 eV for zinc oxide [25, 26]). We assume the these values 

(1)EF − EV = (� + Eg ) − ΔΦ
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(Χ,Eg) are insignificantly affected by annealing [19, 28] and 
thus holds for both cases of annealed and as-deposited.

In Fig.  3 is shown the change of the Fermi level as 
extracted from KPFM measurements upon annealing. In 
both films, the Fermi level shifts towards midgap position 
after annealing. This might be correlated with the decrease 
in carrier concentration, as previously described. This 
prooves the controllable tuning of the Fermi level with the 
annealing steps.

Furthermore the optical transmittance dependence on 
the annealing conditions is represented in Fig. 4, for indi-
vidual films. An increase in optical transmittance from 38 
up to 50% is measured for the case of  Cu0.66Cr1.33O2 whilst 
no major difference was observed in the case of ZnO after 
the annealing step.  Cu0.66Cr1.33O2 and ZnO transmittance 

measurements were performed on sapphire and glass sub-
strates, respectively. The optical properties of the junction 
were investigated for the junction, deposited in sapphire, 
annealed at 700 °C in between 400 and 800 nm resulting 
in an optical transmittance of 48%, which could be further 
increased using another substrate (moving from sapphire to 
glass).

Fig. 5 shows the grazing incidence X-Ray diffracto-
grams in the interest range of films (a) delafossite depos-
ited on sapphire substrate, (b) ZnO deposited on glass sub-
strate, (c) final junction, with stacked ZnO and delafossite 
on a sapphire substrate, after a thermal annealing step at 
700 °C. The diffraction peak of delafossite can be clearly 
attributed to the (012) diffraction plan, (2θ = 36.4°), with a 
seemingly preferential orientation, as previously discussed 

Fig. 2  a Cross-sectional SEM showing the delafossite film thickness, with approximate 250  nm, deposited on sapphire substrate. b Optical 
image of the device after etching of ZnO, with the presented scan using for profilometry and the resulting step, with 65 nm

Fig. 3  Projection of the band-
diagram using the combination 
of data from Refs. [25–27], 
where was extracted the 
electronic affinity, with the 
measurements of the work func-
tion for the different annealing 
temperatures (as-deposited, 
after 650 °C annealing and after 
700 °C annealing) performed 
by KPFM, presenting a type-II 
band alignment in between our 
delafossite and ZnO
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[19]. ZnO diffraction patterns exhibited three distinct 
peaks, that might be associated to (100), (002) and (101) 
planes according to pdf card 04-006-2557, (2θ = 31.8°, 
34.4° and 36.3°, respectively). Regarding the diode sam-
ple, the representative peaks of delafossite and ZnO thin 
films are observed, with a major response to the delafossite 
(012) plane. There is a seemingly preferential orientation 
of the ZnO deposited on delafossite as compared with ZnO 
thin films deposited on glass, leading to a relative bigger 
contribution of the (002) peak as compared with the (100). 

The (101) peak might be hidden within more prominent in 
the delafossite (012) peak.

The chemical composition of the junction as a function of 
depth was analysed using Secondary-Ion Mass Spectrometry 
(SIMS), as represented in Fig. 6. Layers are chemically stable 
with no inter-layer diffusion.

The optical transmittance of the junction was measured in 
the optical range 400–800 nm after annealing at 700 °C for 
15 m, with a resulting transmittance of 50%, for the bilayer 
deposited on sapphire substrates.

Electrical properties of the junction were then studied, with 
a focus on the ratio of forward to reverse current,  ION/IOFF, 
calculated at ± 4 V.

Prior to annealing, no rectifying behaviour is presented by 
the junction. After the first annealing at 650 °C, a rectifying 
diode behaviour, with  ION/IOFF = 7, was measured. Another 
thermal treatment at 700 °C was subsequently done improv-
ing furthermore the electrical results. Room temperature I–V 
characteristics of the junction (a) without thermal annealing, 
(b) with thermal annealing at 650 °C and (c) with thermal 
annealing at 700 °C are presented in Fig. 7.

The best  ION/IOFF = 13 was achieved after the annealing at 
700 °C. The increase was mainly due to the reduction of  IOFF, 
which may be attributed to the reduction of interface traps and 
recombination centres [23]. However, there is a trade-off with 
the increase in performance due to the better junction quality 
with the reduced forward current with higher annealing tem-
perature, since the turn-on voltage of the device increases, as 
we extract hereafter.

The I–V curve of the junction after the thermal treatment at 
700 °C, is also presented in Fig. 7, with a fitting as of an ideal 
diode, following the Eq. (2):

(2)I = I1exp(V∕�Vt) − I2

Fig. 4  Optical transmittance of ZnO thin films deposited on glass 
and delafossite thin films deposited on sapphire respectively, with the 
variation in the annealing temperature, error bars are comprised in the 
thickness of data points, dotted lines are represented for guiding eyes 
of readers

Fig. 5  GIXRD patterns with incidence angle of 0.35°; a delafossite 
thin film, b ZnO thin film and c stacked layer of delafossite-ZnO after 
a thermal annealing step at 700 °C

Fig. 6  SIMS analysis of junction annealed at 700 °C, with a layer of 
zinc oxide on top of our delafossite
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where, Vt = kT/e; η is the diode ideality factor; V is the 
applied voltage and is considered  I1 ≠ I2 due to a shunt resist-
ance effect for small voltages,  I2 being the reverse saturation 
current. The reverse current was extracted,  IOFF = − 15 nA, 
as the current at − 4 V.

For V > 4 V, the linear response of the curve is governed 
by the junction series resistance, allowing to extract the 
series resistance value with a linear I–V fitting between 
4 < V < 5. The extracted value is Rs = 2 MΩ, a quite large 
value. Comparing Eq. (2), with the commonly used diode 
Eq. (3), it was extracted Rsh = 1.8 kΩ.

The turn-on voltage  (Von) of the heterojunction, was 
estimated to be 1.4 V for the junction annealed at 700 °C 
and 0.9 V for the 650 °C. The shift of the I–V curves is 
due to the reduction of recombination centres at the inter-
face [23]. The  I0, presented in Eq. 3, was extracted with 
the value 16 nA. The ideality factor of the junction was 
calculated using a linear fit in the semi-log current vs volt-
age characteristic of the junction in between 0.2 < V < 0.6, 
resulting in η = 6.3 (Fig. 7 inset). These high ideality factor 
values are commonly reported in the case of wide gap het-
erojunctions and values even higher were reported [2, 21].

According to Shah et al. [29], the ideality factor is the 
sum of the several ideality factors present in the many 
local rectifying junctions of the device and thus values > 2 
are expected. Zekry et al. [30, 31], claim that this value 
can also be justified by the recombination of carriers at 
the interface of the heterojunction, as well as the effect 

(3)I = I0

(

exp

(

Vq

�KbT

)

− 1

)

+
V

Rsh

provided by the metal-semiconductor contacts. This might 
be non-ohmic and have a relatively high resistance that 
can impact the extracted ideality factor. The films rough-
ness and the different crystalline orientations introducing 
mismatches, defects and inhomogeneities at the interface 
can also result in η > 2 [32].

A type-II band diagram of a p–n junction is exhibited in 
Fig. 8. The workfunction of both sides of the junction after 
annealing at 700 °C were considered. One should notice 
that the diagram represents a formation of an ideal junction, 
neglecting defects at the interface. An increase of the ZnO 
workfunction and a decrease in the case of  Cu0.66Cr1.33O2 com-
pared with the values of the films as-deposited, are reported.

|qΔEc| = 2.2 V, what in a perfect diode would roughly 
correspond to the turn-on voltage of the diode. The calcu-
lated η = 6.3 ideality factor suggests a high interface defect 
density or may be attributed to the presence of chromium 
excess for delafossite thin films inducing midgap impurity 
levels. Therefore a value smaller than the expected 2.2 V is 
enough to flatten the bands and allow conduction that justi-
fies the smaller turn-on voltage than the one theoretically 
expected.

4  Conclusion

A transparent p–n junction was created based on highly con-
ductive p-type Cu–Cr–O and n-type ZnO thin films depos-
ited on a sapphire substrate. The electrical behaviour of the 

Fig. 7  Current–voltage characteristics of p-  Cu0.66Cr1.33O2/n-ZnO 
diode with, (a) no thermal treatment, (b) annealed at 650  °C, (c) 
annealed at 700 °C, comparing with an ideal diode fitting, Eq. (2) for 
(b and c). Inset semi log current–voltage characteristics of the p–n 
junction annealed at 700 °C used for extraction of the ideality factor

Fig. 8  Band diagram schematic according to data from literature 
and workfunction calculated from KPFM measurements, ΔEc repre-
sents the energy difference of conduction bands for delafossite—zinc 
oxide, being 2.2 eV, while ΔEv is the analogous for the valence band 
difference, being 2.4  eV;  EF represents the Fermi level calculated, 
while it is presented in case of delafossite the difference  EF–Ev repre-
senting the difference between the Fermi level and the Valence Band 
with a value of 0.5 eV for the junction annealed at 700 °C and in case 
of ZnO the difference  Ec–EF, representing the difference of the Con-
duction band and the Fermi level with a value of 1.1 eV for 700 °C 
annealing
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junction depends on the post-annealing temperature due to 
the reported tuning of the Fermi level and carrier concentra-
tions tuning during such thermal treatment. A junction with 
a rectifying behaviour and an optical transmittance of 50% 
was finally developed. The ideality factor achieved was η ~ 6, 
still needs to be improved when compared to the best val-
ues reported in literature, of η ~ 2, for junctions with similar 
transmittance values. The chemical composition of the junc-
tion remains unchanged with high temperature annealing 
steps up to 700 °C. An increase in optical transmittance can 
be expected by using a more transparent substrate, such as 
glass, keeping the process safely below 600 °C. The junc-
tion was developed as within a 5-step process including 
techniques easily scalable for a large area deposition, unlike 
the best performing junctions in the literature, which make 
recourse to PLD techniques. A higher rectification factor, 
 ION/I OFF, should be optimized engineering a lower series 
resistance and a better interface engineering may lead to 
even more performant junction and lower ideality factor.

In conclusion, a simple and scalable process for fabricate 
a p-Cu0.66Cr1.33O2/n-ZnO transparent junction was demon-
strate. This might be of interest in electronic applications 
based on the principle of transparent diodes.
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