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1.  Introduction

For more than several decades, transparent conducting 
materials (TCMs), including transparent conducting oxides 
(TCOs) and transparent oxide semiconductors (TOSs), have 
been an important class of materials for modern optoelec-
tronic device applications [1, 2]. For example, binary oxides 
such as ZnO, In2O3 and SnO2 have been used in field-effect 
transistors (FETs) [3], near UV-emitting diodes [4] and solar 
cells [5]. However, these well-known materials still have some 
limitations, particularly in their stability at high temperature 
and electrical mobility near room temperature [6].

Recently, we found that a new TCO system, i.e. donor 
doped BaSnO3 with a wide band gap (Eg  =  3.0–3.1 eV), 
exhibits high electron mobility up to 320 cm2 V−1 s−1 at 
room temperature and superior thermal stability [7–9]. In 
order to exploit such unique properties, there currently exists 

a surge of research efforts to realize BaSnO3-based FETs 
and pn diodes as fundamental building blocks for optoelec-
tronic applications [10, 11]. For the pn junctions, p-Si/n-
Ba0.99La0.01SnO3 [12], p-(Ba,K)SnO3/n-Ba0.99La0.01SnO3 
[13], and p-BaSn0.9Co0.1O3/n-BaSn0.97Sb0.03O3 have been 
recently reported [6]. However, those p-type (Ba,K)SnO3 and 
Ba(Sn,Co)O3 films have still exhibited very low hole carrier 
density due to the low activation of carriers (<~1015 cm−3) at 
room temperature [6, 13]. Furthermore, the hole mobility was 
too small to be measured by conventional Hall effect meas-
urement, presumably because the oxygen p orbitals in the top 
valence band result in a flat band and thus a large hole effec-
tive mass [14]. Therefore, it is still necessary to find better 
performing p-type TOSs within the BaSnO3 system or in other 
material systems.

As parallel efforts, it would be also worthwhile to investi-
gate whether the existing p-type TCMs can form a clean pn 
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junction with the donor doped BaSnO3 system. Toward this 
direction, only a nontransparent p-Si/n-Ba0.99La0.01SnO3 het-
erojunction diode has been recently tested [12]. Transparent pn 
diodes, once realized, will obviously be useful for transparent 
optoelectronic devices. The copper iodide (CuI) in this sense 
is a promising transparent p-type semiconductor with a wide 
direct band gap (Eg  =  3.1 eV). Although it was recognized as 
a p-type semiconductor by Baedeker in 1907 [15], it has been 
recently shown by the Grundmann group that a high quality 
transparent p-CuI/n-ZnO heterojunction can be fabricated [16, 
17]. Furthermore, various deposition methods have now been 
established to grow the γ–phase CuI thin films transparently 
with a high hole carrier density (>1016 cm−3) and rather a 
high hole mobility (~2–25 cm2 V−1 s−1) [17]. Note that the 
hole mobility of the γ–CuI single crystal reaches as high as 
43.9 cm2 V−1 s−1 at room temperature, being much higher 
than those of conventional p-type oxides [18, 19]. Because of 
these advantageous physical properties, CuI has recently been 
tested in various optoelectronic devices to improve the charac-
teristics of devices such as organic photovoltaics [20], organic 
light-emitting diodes [21] and solid-state dye solar cells [22].

In this article, we report the successful fabrication of 
p-CuI/n-BaSnO3−δ heterojunction diodes that have exhibited 
a high rectification ratio of 6.75  ×  105 at  ±2 V and an ideality 
factor of ~1.5. Upon changing the thickness of the CuI film 
in the diode from 30 to 400 nm, we found that the rectifica-
tion ratio was systematically enhanced. We propose an energy 
band diagram for the heterojunction and attribute the rectifi-
cation ratio increase to the reduction of the built-in potential 
caused by the hole carrier density decrease.

2.  Methods

To prepare targets for thin film deposition, polycrystal-
line BaSnO3−δ (BSO) and Ba0.96La0.04SnO3 (BLSO) were 
synthesized by conventional solid-state reaction methods, 

starting with high-purity BaCO3, SnO2 and La2O3 powders. 
Chemicals were weighed in a stoichiometric ratio to form a 
mixed chemical pellet, which was first calcined at 1250 °C for 
6 h and finally sintered at 1450 °C for 24 h after several inter-
mediate grindings. BSO (thickness t  =  100 nm) and BLSO 
(t  =  100 nm) thin films were deposited on SrTiO3(0 0 1) 
(STO) substrates (t  =  0.5 mm) via the pulsed laser deposition 
technique. A KrF excimer laser (λ  =  248 nm) was used at a 
laser fluence of ~0.6 J cm−2 in O2 pressure of 100 mTorr at 
790 °C. Before the deposition of a BSO film, a BLSO film was 
deposited under the above conditions without further oxygen 
annealing. Here, the BLSO film is used as a structural buffer 
layer to reduce threading dislocations coming from the large 
in-plane lattice mismatch between the STO(0 0 1) substrate 
and the BSO. At the same time, the BLSO film plays a role 
of an electrode, exhibiting good ohmic contact with the BSO 
film. Subsequently, a BSO film was deposited under the same 
conditions and the as-deposited BSO film was in situ annealed 
at 600 °C for 1 h under O2 atmosphere with partial pressure of 
600 mTorr.

CuI films were deposited by a thermal evaporation method 
using the high purity CuI powder (~99.998%) at room temper
ature on the glass (soda-lime glass for a microscope slide, 
Marienfeld), STO(0 0 1), and BSO/BLSO/STO(0 0 1). In order 
to make ohmic contacts for the CuI films, Ni (t  =  5 nm) film 
was deposited, followed by the deposition of Au (t  =  50 nm) 
film as a metallic electrode (denoted as Au/Ni in figure 1(a)). 
Both CuI and Au/Ni films have been sequentially deposited 
by the use of stencil masks that allow the fabrication of 5–15 
junctions with a lateral dimension of 50  ×  50 µm2 (square 
shape) or π  ×  (50 µm)2 (circular shape). The former mask 
was used in the pn junction with the thickness of CuI films 
(tCuI) from 30–150 nm while the latter was used for one with 
tCuI  =  400 nm. In addition, Au (t  =  50 nm) and Ti (t  =  5 nm) 
films (denoted as Au/Ti in figure 1(a)) were deposited by the 
thermal evaporation to have ohmic contacts for the BSO film. 
The lateral dimension for Au/Ti electrodes is ~0.2  ×  2 mm2. 

Figure 1.  (a) Schematic diagram of the p-CuI/n-BaSnO3−δ (BSO) diode grown on a SrTiO3(0 0 1) (STO) substrate (denoted as ‘s’ in 
figure (c)) with a buffer layer of the Ba0.96La0.04SnO3 (BLSO) film. Au/Ni and Au/Ti films were used as an electrode for the CuI and the 
BLSO films, respectively. (b) A photograph demonstrating the transparency of the CuI/BSO/BLSO/STO(0 0 1) film before deposition of 
Au electrodes. Thickness of the CuI film in this photograph is 120 nm. (c) X-ray θ  −  2θ scan results of CuI/BSO/BLSO/STO(0 0 1), CuI/
STO(0 0 1) and CuI/glass, all of which exhibit the preferential alignment of the CuI film along (1 1 1) plane. (d) Surface topography of the 
CuI film grown on the glass substrate. The bottom panel shows a typical height profile along the lateral line drawn in (d).
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We confirmed that both of Au/Ni and Au/Ti electrodes 
exhibited good ohmic contacts with CuI and BLSO films, 
respectively.

The crystallinity of the grown films was examined 
using a high resolution x-ray diffractometer (Empyrean™, 
PANalytical). The surface morphology was studied using an 
atomic force microscope (AFM) (NX10™, Park Systems). 
Optical transmittance measurements of the films were car-
ried out using a UV–VIS–NIR spectrophotometer (Cary 
5E™, Varian). The electrical resistivity (ρ), hole carrier den-
sity ( p ) and hole mobility (µh) were measured by the Van 
der Pauw method. Current–voltage (I–V) characteristics were 
investigated using tungsten probe tips in a semiconductor 
characterization system (4200-SCS™, Keithley); all the I–V 
measurements were carried out at room temperature and 
under ambient atmosphere without exposure to light.

3.  Results and discussion

3.1.  Structural properties

Figures 1(a) and (b) exhibit a schematic diagram and an actual 
photograph of the fabricated p-CuI/n-BSO/BLSO/STO(0 0 1) 
film (before the deposition of Au electrodes), respectively. The 
p-CuI/n-BSO heterojunction diode was grown on top of the 
STO(0 0 1) substrate with a BLSO buffer layer (t  =  100 nm). 
As demonstrated in figure 1(b), all the fabricated film layers 
are transparent in visible light. The thicknesses of the p-CuI 
and n-BSO film in this photograph were 120 nm and 100 nm, 
respectively.

X-ray θ  −  2θ scan results of the CuI films grown on BSO/
BLSO/STO(0 0 1), STO(0 0 1), and glass substrates are sum-
marized in figure  1(c). The thickness of the CuI films was 
adjusted to around 120 nm in all the three cases. It turns out 
that all deposited CuI films exhibit a preferential alignment 
along the (1 1 1) plane, being consistent with the reported CuI 
film behavior [17, 19, 23–25]. Because the lattice mismatch 
between CuI and BSO along the a-axis becomes quite large 
~47%, the preferential alignment of the CuI films along (1 1 1) 
plane is unlikely due to the epitaxial growth mode. In addition, 

the CuI films grown on the glass substrate also showed similar 
preferential orientation along the (1 1 1) plane. Moreover, in 
the growth of the CuI crystal, it was indeed found that the 
(1 1 1) plane has the highest surface density of atoms as well 
as the lowest stability energy [26]. Therefore, the preferential 
alignment of the CuI films can be attributed to the low surface 
stability energy of the CuI (1 1 1) plane [24].

Figure 1(d) presents the surface topography of the grown 
CuI films (tCuI  =  120 nm) on glass substrates as measured by 
AFM. A root-mean-square (rms) roughness turns out to be 
~1.3 nm. The previous thermal evaporation method produced 
surface roughness of ~2 nm in the films grown on glass sub-
strates [17]. This shows that our CuI films exhibit smooth sur-
face topography which is comparable or slightly superior to 
the other films grown by the thermal evaporation method [17]. 
Besides, in our other effort to grow the CuI films by an iodine 
reaction to the Cu film, we found a much rougher surface of 
at least 20–30 nm rms roughness because of a large volume 
expansion occurring during iodization. This observation is 
consistent with the former studies [16, 17]. Therefore, to form 
a smooth interface in the p-CuI/n-BSO heterojunction diodes, 
we employed the thermal evaporation method instead of the 
iodine reaction method in this work.

3.2.  Optical properties

Optical transmittance data of the CuI/glass and a glass sub-
strate in visible light are presented in figure  2(a). An aver-
aged transmittance value of a CuI (tCuI  =  120 nm)/glass film 
between 450 and 750 nm is ~80%. Because the CuI film is 
highly transparent, the reflectivity of the film can be negligible 
in most of the visible spectral range. In this limit, the absorp-
tion coefficient (α) of the CuI film can be approximately esti-
mated from the following equation:

TCuI/glass

Tglass
= e−αtCuI ,� (1)

where TCuI/glass and Tglass are the optical transmittance spectra 
of the CuI/glass and the glass substrate, respectively [27]. In 
order to determine an optical band gap Eg of the CuI film, the 

Figure 2.  (a) Optical transmittance spectra of the CuI/glass (red solid) and a glass substrate (black dotted) with thickness t  =  1 mm.  
(b) The (αhν)2 values as a function of photon energy (hν) for the 120 nm-thick CuI film. Black solid line represents the linear extrapolation 
to determine an optical band gap of the CuI film. (c) Optical transmittance spectra of the STO(0 0 1) substrate (black dotted) with 
t  =  0.5 mm, BSO/BLSO/STO(0 0 1) film (red dashed) and CuI/BSO/BLSO/STO(0 0 1) (blue solid) film. Thickness of each layer is same as 
that shown in figure 1(a).
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Tauc plot for a direct gap material was constructed from the 
estimated α, i.e. (αhν)2 versus photon energy (hν) as shown 
in figure 2(b). A linear extrapolation was used at the absorp-
tion edge,

(αhν)2
= A (hν − Eg) ,� (2)

where A is a constant [28]. The optical band gap of the CuI 
film is found to be ~3.08  ±  0.01 eV, which is indeed consis-
tent with the reported Eg  =  3.0–3.1 eV [17, 24]. Besides, a 
sharp absorption peak observed at 407 nm (~3.05 eV) is due to 
the well-known interband excitonic transition [25]. The pres-
ence of such a sharp excitonic absorption peak supports the 
high quality of the CuI film.

Furthermore, optical transmittance spectra of the CuI films 
grown on the glass substrate were also investigated with the 
variation of tCuI (=20, 30 and 400 nm). Although their aver-
aged transmittance values between 450–750 nm were varied 
from 65–72%, the optical gap estimated by the Tauc plot 
were found at an almost similar value of ~3.08  ±  0.01 eV 
(not shown). In addition, a sharp excitonic absorption peak 
was observed in all the films investigated with the variation 
of tCuI  =  20–400 nm. These observations indicate that all the 
CuI films investigated (tCuI  =  20–400 nm) have almost the 
same band structure and high quality of forming an exciton, 
although their defect levels or effective Fermi level might vary.

Optical transmittance spectra of the STO(0 0 1) substrate, 
BSO/BLSO/STO(0 0 1), CuI (tCuI  =  120 nm)/BSO/BLSO/
STO(0 0 1) are compared in figure  2(c). Both transmittance 
spectra of STO(0 0 1) and BSO/BLSO/STO(0 0 1) maintain 

high value (~70%) in the visible spectral range. Except for 
the exciton absorption and the Fabry–Pérot interference, the 
CuI/BSO/BLSO/STO(0 0 1) film exhibits equally high trans-
parency of ~70%, which is consistent with the fact that the 
CuI on its own becomes highly transparent (>90%) in most of 
the visible spectral range [17, 24]. This high transmittance of 
p-CuI/n-BSO diodes could be useful in future optoelectronic 
applications requiring high visible transparency.

3.3.  Electrical properties

To further understand the electrical properties of CuI films, we 
have investigated the Hall effect of the CuI films, of which the 
thickness is systematically varied. Figure 3(a) summarizes the 
resultant p, ρ and µh of the CuI films as a function of tCuI. The 
Hall coefficient of all the films indeed always exhibited a posi-
tive sign, demonstrating that the CuI film is a p-type semicon-
ductor. It is particularly interesting in figure 3(a) to find that 
the measured p systematically increases as tCuI is decreased. 
In the CuI system, the Cu vacancy is known to be easily cre-
ated as a native defect, which should then act as a dominant 
source of acceptor to result in high p (~1019 cm−3) [29]. On 
the other hand, thermal annealing [19] or thermal evaporation 
processes [24, 30] have often resulted in iodine deficiency, and 
as a result, the p-type carrier density has decreased. Therefore, 
similar to the previous cases [19, 24, 30], a long deposition to 
fabricate a thick film by thermal evaporation processes might 
have also created the increase of iodine vacancies. This will 
naturally lead to the decrease of p as observed in figure 3(a). 

Figure 3.  (a) Hole carrier density ( p ), electrical resistivity (ρ) and hole mobility (µh) as a function of thickness of the CuI films (tCuI) 
grown on glass substrates. (b) The rectification ratio (IF/IR) in the p-CuI/n-BSO diodes at various tCuI. (c) The current density–voltage 
(|j|–V) curves of the p-CuI/n-BSO diodes for various tCuI. (d) A proposed energy band diagram of the p-CuI (tCuI  =  400 nm)/n-BSO 
heterojunction diode exhibiting type-II band alignment.

J. Phys.: Condens. Matter 29 (2017) 384004



J H Lee et al

5

As a natural consequence of the decrease of p, ρ of CuI films 
increases with the increase of tCuI due to the relationship of 
ρ = 1/epµh, where e is the elementary charge.

Besides, µh remained nearly constant or slightly decreases 
from ~5 to ~4.1 cm2 V−1 s−1 with the increase of tCuI. The 
slight decrease being proportional to tCuI seems to be caused 
by a major role of ionized impurity scattering (possibly due to 
Cu vacancy) at this high p regime [17]. However, the µh value 
itself is rather close to, or a bit better than, the typical reported 
values of thin film mobility in literatures (~2–4 cm2 V−1 s−1) 
at a similar dopant regime but not close to the best reported 
value of ~25 cm2 V−1 s−1 [19, 24]. It is thus likely that our 
films are subject to other additional scattering from e.g. impu-
rities or grain boundaries.

To investigate further how the change of p can affect the 
characteristics of the diode, we have fabricated the p-CuI/n-
BSO diodes with the same tCuI variations as in figure  3(a). 
Figure 3(b) summarizes the current rectification ratios (IF/IR) 
as a function of tCuI in the p-CuI/n-BSO diodes, where IF is 
a current value at  +2 V and IR is a current value at  −2 V. 
Note that the IF/IR values varied somewhat among junctions 
with different areas so that the rectification ratio was deter-
mined by having an average in five different diodes for each 
thickness of the CuI film. However, the stability of the het-
erojunction, once formed, was quite good; for example, the 
diode with tCuI  =  400 nm preserved in a desiccator exhibited 
almost the same |j|–V curve and a similar IF/IR value even after  
~6 months.

The corresponding typical current density–voltage (|j|–V) 
curves of the p-CuI/n-BSO diode with variations of tCuI are 
presented in figure 3(c). In thin CuI films with tCuI  =  30 or 
60 nm, both IF and IR are larger than those of thick CuI films 
with tCuI  =  150 or 400 nm. This is likely due to the leakage 
current coming from additional current paths, presumably 
at the grain boundaries of CuI films. Although our CuI films 
have a preferential (1 1 1) orientation, it is not epitaxial, pre-
sumably due to the random orientation of the in-plane crystal 
axes across the crystalline domains [23]. Therefore, numerous 
grain boundaries are expected to exist in the film surface. 
Such a leakage effect due to the grain boundaries is typically 
reduced with an increase in film thickness, and such a ten-
dency is consistent with our results in figure 3(c).

What is most interesting in the behavior of the p-CuI/n-
BSO diode is the observation of a systematic increase of IF/IR 
in proportional to tCuI (or inversely proportional to p). In par
ticular, figure 3(c) shows that while the films with tCuI  =  400 

and 150 nm have comparable IR values, IF of the film with 
tCuI  =  400 nm is much larger than that of tCuI  =  150 nm, 
resulting in the enhancement of IF/IR from ~103 to ~106  
(figure 3(b)). Such behavior can be understood from variation 
in the built-in potential (Vbi), which generally satisfies the fol-
lowing relationship in a pn diode:

Vbi ∝ ln (Na) ,� (3)

where Na is the acceptor concentration [31]. An increment 
of Na should then increase Vbi at the metallurgical junction, 
reducing the injection of carriers and resulting in the decrease 
of IF. The general trend of increasing IF/IR in thicker films 
should be thus associated with the increase of IF, which is 
the outcome of the decrease of Vbi in the pn diode. Collecting 
all the results in figures 3(b) and (c), we expect that the IF/IR 
value of the p-CuI/n-BSO diodes could be further improved 
by minimizing the grain boundaries as well as by reducing p 
of the CuI film.

Based on the above results in figures 3(a)–(c), an energy 
band diagram of the p-CuI/n-BSO heterojunction diode has 
been constructed in figure  3(d), particularly for the case of 
tCuI  =  400 nm. The Anderson model for the heterojunction 
was used to determine the band alignment [32]; various input 
parameters of electron affinities [6, 17], dielectric constants 
[35, 36] and effective masses [17, 37] of both CuI and BSO 
were adopted from the literatures, while Eg and the carrier 
concentration of CuI were used from the values determined 
in this work. Basic parameters and related references are also 
summarized in table 1.

From the determined parameters in the diode with 
tCuI  =  400 nm, the Vbi, depletion width for p-type material 
(xp) and depletion width for n-type material (xn) are predicted 
as Vbi  =  0.95 V, xp  =  0.03 nm and xn  =  121 nm, respectively. 
The estimated depletion widths are indeed consistent with the 
one-side abrupt diode model [31]. Overall, the resultant band 
diagram is consistent with the type-II band alignment in the 
pn heterojunction, in which only a conduction band offset of 
a narrow gap semiconductor is located between the offsets of 
conduction and valence bands of a wide gap semiconductor 
[33]. Moreover, the constructed band diagram can qualita-
tively explain the experimental result in figure 3(b) because 
the decrease of Vbi in proportional to the p value should 
directly result in the increase of IF/IR values.

It is also noted that xn  =  121 nm is larger than the thick-
ness of the n-type junction itself (~100 nm). In this situation, 
a finite forward voltage is needed to effectively reduce the 

Table 1.  Input parameters of the Anderson model for the p-CuI/n-BaSnO3−δ heterojunction, where m0 is the electron mass.

Film Band gap (eV) Electron affinity (eV) Carrier density (cm−3) Dielectric constant Effective mass

p-CuI 3.08 2.5a 1.2  ×  1019 15.1b 1.4mo a

n-BaSnO3−δ 2.95c 4.4d 2.6  ×  1015d 20e 0.35mo f

a Grundmann et al [17]. 
b Plendl et al [35]. 
c Kim et al [8]. 
d Lee et al [6]. 
e Singh et al [36]. 
f Seo et al [37].
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depletion width and to start the operation of the pn diode [13]. 
Consistent with this scenario, it is indeed found in figure 3(c) 
that the turning point, at which the sign of current changes 
from negative to positive, develops at a finite bias voltage; for 
tCuI  =  400 and 150 nm, the turning point is located at ~0.2 and 
~0.4 V, respectively. Therefore, the observation of the finite 
value in the turning point can be attributed to the junction 
thickness being thinner than the depletion width. On the other 
hand, for the diode with tCuI  =  30 and 60 nm, a rather large 
leakage current across the junction seems to erase the finite 
turning point effect.

Figure 4(a) exhibits the current–voltage (I–V) curve of 
the p-CuI/n-BSO diode with tCuI  =  400 nm and the turn-on 
(or knee) voltage as estimated from a linear extrapolation 
(solid red lines). The turn-on voltage represents an onset of 
the rapid current increase and is found to be 1.0 V and 1.4 V 
for reverse and forward bias, respectively. In an ideal situa-
tion when the proposed band diagram governs the transport 
behavior, the turn-on voltage should be directly related to the 
threshold voltages of electron or hole carriers. In the proposed 
band diagram, the threshold voltage (Vth-n) for the injection 
of electrons from n-BSO to p-CuI and the threshold voltage  
(Vth-p) for the transportation of holes from p-CuI to n-BSO can 
be estimated from the following equations [34]:

Vth−n = Vbi +

∣∣∣∣
∆EC

q

∣∣∣∣ ,� (4)

Vth−p = Vbi +

∣∣∣∣
∆EV

q

∣∣∣∣ ,� (5)

where ∆EC and ∆EV are the conduction and valence band 
offset, respectively. The Vth-n and Vth-p are then calculated to 
be 2.85 V and 2.77 V, respectively. Thus, the experimental 
turn-on voltage of ~1.0–1.4 V is obviously smaller than the 
expected Vth-n and Vth-p. Therefore, an actual carrier flow in 
our device might also be affected by the charge trap state or 

the interface imperfection, which could provide the additional 
current path at lower threshold voltages [17]. According to 
our experimental observation, an applied voltage of Va ≈ Vbi 
seems sufficient to inject electrons (holes) from the n-BSO 
(p-CuI) side to the p-CuI (n-BSO) side [16]. For example, if 
donor impurity states (effective plus charge state) can be addi-
tionally formed due to iodine deficiency inside the bandgap of 
CuI, electrons are likely to be injected in a forward bias at low 
threshold voltages.

At least two experimental findings support the presence 
of many charge trap states at the interface in the fabricated 
diode. First, there exists significant hysteresis in all the |j|–V 
curves in figure 3(c). The hysteresis between the forward and 
reverse bias curves strongly supports the presence of irrevers-
ible charge trapping processes at the interface [16]. Second, 
the actual saturation current of the diode with tCuI  =  400 nm 
(~3.0  ×  10−7 A cm−2 measured at  −0.2 V) exhibited a much 
larger value than the obtained saturation current (~6.9  ×  10−9 
A cm−2) from the fitting of the |j|–V curve (vide infra, 
figure 4(b) and table 2). This difference in the saturation cur
rent is usually caused by the interface charge trap [13, 17]. 
Therefore, the presence of interface charge trap states can 
explain the discrepancy between expected threshold voltage 
and the actual turn-on voltage.

Figure 4(b) compares the experimental |j|–V curve of the 
p-CuI/n-BSO diode with tCuI  =  400 nm, exhibiting the highest 
rectification ratio, and the fitting curves (dotted red lines) by 
the diode equation. The |j|–V curve was fitted by the implicit 
diode equation of

j (V) = js

{
exp

[
e (V − IRs)

ηkBT

]
− 1

}
+

V − IRs

Rp
,� (6)

where js is the saturation current density, η is the ideality 
factor, kB is the Boltzmann constant, T is the absolute temper
ature, Rs is the series resistance and Rp is the parallel resistance 
[17]. In table  2, numerical fitting parameters were obtained 

Figure 4.  (a) The current–voltage (I–V) curve of the p-CuI (tCuI  =  400 nm)/n-BSO (t  =  100 nm) diode. Red solid lines represent linear 
extrapolation to determine the turn-on voltage of the diode. (b) The replotted |j|–V curve of the same diode from the I–V curve in (a). The 
red dotted lines show the fitting curves based on the diode equation (6) and the parameters in table 2.
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in two voltage sections for forward and reverse biases based 
on the assumption of the multi-contacts in the junction [23]. 
The fitted Rs values from equation (6) are 456 and 762 Ω for 
forward and reverse bias, respectively. In order to estimate Rs 
more accurately, Rs has also been determined from the slope 
of dV/d(lnI) ~ 550 Ω [34], which is in agreement with the 
values obtained from the direct fitting.

It is worthwhile to compare the IF/IR of the p-CuI/n-
BSO diodes with those of other heterojunction diodes 
consisting of at least one wide band gap semiconductor; 
IF/IR  =3.4  ×  102 at  ±3 V for p-Si/n-Ba0.99La0.01SnO3 [12], 
2  ×  107 at  ±2 V for p-CuI/n-ZnO (polycrystalline CuI) 
[17] and 2  ×  109 at  ±2 V for p-CuI/n-ZnO (epitaxial CuI) 
[23]. Although the IF/IR of the p-CuI/n-BSO diode is still 
three orders of magnitude smaller than the highest value of 
IF/IR ~ 109, the IF/IR of the p-CuI/n-BSO diodes have much 
room for improvement. First, albeit with a large rectification 
ratio of 6.75  ×  105, the Rs value is still rather large in our 
device. This result comes from the fact that rather a large 
n-type electrode (~0.4 mm2) was used as compared with the 
diode junction area (~0.008 mm2) [17]. Therefore, if the Rs 
can be reduced further by the use of a smaller n-type elec-
trode, the IF/IR is likely to be enhanced further. Second, a 
previous report indeed pointed out that p could be further 
reduced under thermal annealing, which can result in e.g. 
iodine evaporation to cause further iodine deficiency and 
Cu vacancy migration into grain boundaries [19]. It is thus 
highly likely that the rectification ratio of the p-CuI/n-BSO 
diode can be further improved by thermal annealing as well 
as electrode size control.

4.  Conclusions

We have investigated the electrical properties of transparent 
p-CuI/n-BaSnO3−δ heterojunction diodes, for which thermal 
evaporation and pulsed laser deposition methods have 
been employed to grow (1 1 1) oriented CuI and epitaxial 
BaSnO3−δ(0 0 1) films, respectively. Upon increasing the 
thickness of the CuI film in the diode, we have found a sys-
tematic decrease in hole carrier density and an increase to the 
rectification ratio IF/IR, which can be successfully explained 
by the decrease to a built-in potential in the heterojunc-
tion with the type-II band alignment. We have obtained the  
IF/IR  =  6.75  ×  105 and an ideality factor η  =  ~1.5 in the best-
performing specimen. The present p-CuI/n-BaSnO3−δ diode 
can be applicable as current rectifying components in trans-
parent optoelectronic devices.
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