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ABSTRACT

The challenges of making high performance, low temperature processed, p-type transparent

conductors (TCs) have been the main bottleneck for the development of flexible transparent



electronics. Though a few p-type transparent conducting oxides (TCOs) have shown promising
results, they need high processing temperature to achieve the required conductivity which makes
them unsuitable for organic and flexible electronic applications. Copper iodide is a wide band gap
p-type semiconductor that can be heavily doped at low temperature (<100 °C) to achieve
conductivity comparable or higher than many of the well-established p-type TCOs. However, as
processed Cul loses its transparency and conductivity with time in an ambient condition which
makes them unsuitable for long term applications. Herein, we propose Cul-TiO> composite thin
films as a replacement of pure Cul. We show that the introduction of TiO; in Cul makes it more
stable in ambient condition while also improving its conductivity and transparency. A detailed
comparative analysis between Cul and Cul-TiO> composite thin films have been performed to
understand the reasons for improved conductivity, transparency and stability of Cul-TiO2 samples
in comparison to pure Cul samples. The enhanced conductivity in Cul-TiO2 stems from the space-
charge layer formation at the Cul/TiO: interface, while the improved transparency is due to
reduced Cul grain growth mobility in the presence of TiO2. The improved stability of Cul-TiO2 in
comparison to pure Cul is a result of inhibited recrystallization and grain growth, reduced loss of
iodine and limited oxidation of Cul phase in presence of TiO2. For optimized fraction of TiO2,
average transparency of ~78% (in 450-800 nm region) and a resistivity of 14 mQ.cm is achieved,
while maintaining a relatively high mobility of ~3.5 cm?V-!s™! with hole concentration reaching as
high as 1.3 x 10%° cm™. Most importantly, this work opens up the possibility to design a new range
of p-type transparent conducting materials using Cul/insulator composite system such as Cul/SiO-,

Cul/Al>,O3, Cul/SiNy, etc.

INTRODUCTION

Transparent conductors (TCs) are a class of materials that display close to metal conductivity (~10°



- 10* S em™!) while maintaining high transparency (> 80 %) in the visible region.!* TCs have
widely been used for applications in solar cells, LEDs, transistors, thermoelectrics, etc. '~
Commonly used TCs are heavily doped n-type wide-bandgap semiconductors such as In,O3, SnO»,
ZnO and GaN, whereas, high-performance p-type TCs are not very well developed. ' 3
Nonetheless, Cu*-based oxides such as delafossite CuMO, (M: AI**, Ga**, In*?, Sc**, Y**) have
been widely investigated as p-type TCs but are unable to match the performance of n-type TCs in
terms of conductivity and transparency.>"! Most recently, La»3Sr13VOs, a Mott—Hubbard insulator
has been reported to achieve a high conductivity of 742.3-872.3 S cm ™!, however, the transparency
of a 48 nm-thick film remains limited to ~55 % in the visible region.!! Also, these p-type
transparent conducting oxides need high processing temperature (> 400 °C) which makes them
unsuitable for organic and/or flexible electronics. Consequently, a high-performance p-type TC
that can be synthesized and doped at low temperature while maintaining high-conductivity and
high optical transmittance is extremely desirable for both active and passive electronic
applications.

Copper iodide (Cul) is a p-type wide band gap semiconductor with a fairly small effective mass
of 0.30m, for light holes and a bulk mobility of >40 cm?V !s™'.!? Even for Cul thin films,
mobilities of 8-20 cm?V~!'s™! have readily been reported.'*-1® Furthermore, Cul can be synthesized
and heavily doped at low temperatures (<100 °C) to achieve a hole conductivity of ¢ > 280 S/cm
while maintaining a transparency of more than 70%.'4'> 7 Owing to aforementioned qualities,
Cul has been used to achieve high solar cell efficiencies,'®?? high rectification ratio diodes
(rectification ratios larger than 10%),>2* photodetectors,?® piezoelectric enhancement,? flexible

transparent thin film transistors (TFTs),?” and light emitting diodes®®?. In addition, Cul has most

recently been used as a transparent thermoelectric material to achieve a large thermoelectric figure



of merit of ZT=0.21 at 300 °C, which is three orders of magnitude higher compared with state-of-
the-art p-type transparent materials. '* 3°3! The above-mentioned striking advantages make Cul
an important material for device applications.

However, y-Cul deposited using different techniques have been found to be unstable in ambient
conditions because of recrystallization, grain growth, loss of iodine and unwanted oxidation,?* 3%
35 which can significantly reduce its transparency and conductivity over time. To achieve long-
term stability in ambient condition, stabilization of Cul at individual grain level is required and yet
there are very few reports investigating this issue. In 1963, Herrick et al had shown that the
composite of Cul with Cu,O can significantly improve the stability while maintaining or even
improving the conductivity and transparency of pure Cul. 3> 3¢ However, the authors did not
perform any detailed investigation to show the reasons for these improvements. Nonetheless, there
are several reports on improving the conductivity of metal halides through the introduction of
metal oxides. *33°

Liang, in 1973 first observed an enhancement of up to three orders of magnitude in the conductivity
of Lil upon addition of Al,Os particles.’” He deduced that the Li" ions are adsorbed onto the
Lil/AL>O3 interface, thereby increasing the Li vacancy concentration in Lil by orders of magnitude
which leads to significant increase in conductivity. *-** Since then, Li-, Cu-, Ag-, Na-, Cd-, Cs-
and Tl-halides have been doped with metal oxides such as Al,Os, TiO2, SiO2, Fe>O3, BaTiOs,
ZrOs, CeOz, to enhance their conductivity, 37384143

Herein, we show that the addition of TiO; into Cul significantly enhances its stability, hole
conductivity and transparency. Structural and optical characterizations performed using X-Ray

diffraction (XRD) and Raman show no new peaks for Cul-TiO, when compared to pure Cul.

However, a distinctive change in morphology is confirmed by field-emission scanning electron



microscopy (FESEM). Furthermore, the mechanisms for increased conductivity, transparency and
stability are discussed and substantiated using different characterization techniques such as
FESEM, conductive atomic force microscopy (C-AFM), energy-dispersive X-ray spectroscopy

(EDS) and cathodoluminescence (CL).

MATERIALS AND METHODS

Sample synthesis started with the deposition of a copper thin film with and without TiO> on 2.5
cm X 2.5 cm glass slides in an ATC 1800 UHV sputter deposition system using 99.99 % pure
targets. For Cul, the copper film was deposited using DC sputtering at 50 W power. For Cul-TiO2,
TiO2 target was co-sputtered with varying RF powers from 60 to 180 W to vary the TiO2
concentration. The DC power to copper target was similar to that used to prepare Cul. All sputter
depositions were performed in an argon only environment at a pressure of 1.5 mTorr with an argon
flow of 10 sccm. The glass slides with the films were then transferred into a petri dish and covered
with 100 grams of iodine beads. Subsequently, the petri dish containing the glass slides and iodine
was sealed using parafilm. Both Cu and Cu-TiO: thin films become transparent after an hour of
iodine exposure at room temperature. It is important to note that the final thickness of Cul was
almost 7 times the original thickness of copper film because of volume expansion. To further dope
the Cul and Cul-TiO: films, the samples were left for another 48 hours in a saturated iodine
atmosphere at room temperature. It has been shown experimentally that iodine vapor can increase
the hole concentration in Cul samples by incorporation of iodine into the crystal lattice.***” This

reaction can be written as:

1
Cul (s) +§ Li(g) 2Cul (s)+ I+ Vi, + Rk



where, I denotes an iodine ion sitting at iodine lattice site with neutral charge, and V/,and h’
denote the copper cation vacancy and the corresponding hole, respectively. These heavily doped
Cul and Cul-TiO2 samples were then rinsed in IPA/acetone until the surface iodine was totally
removed. Based on the power used for TiO> sputtering, we name our samples as Cul-TiO»-60,
Cul-Ti0,-120, and Cul-Ti0,-180, respectively, where the numbers at the end denote the RF power
used for TiO2 co-deposition. The final thickness for all samples was ~270 + 20 nm.

The transmittance and reflectance of Cul and Cul-TiO; thin films were measured using a
Shimazdu UV-Visible-IR spectrophotometer in the wavelength range of 300-1800 nm. Room
temperature Hall effect measurements were performed using a Lakeshore Hall effect measurement
system, at magnetic fields varying from -10 to + 10 kG with a step size of 2 kG. Furthermore, to
better understand the effect of TiO> on Cul thin films, several of other characterizations were
performed such as FESEM (Field Emission Scanning Electron Microscope), grazing incidence
XRD (X-ray diffraction), Raman, EDS (Energy-dispersive X-ray spectroscopy) and secondary ion
mass spectroscopy (SIMS). FESEM measurements were performed using an FEI Verios system,
whereas GIXRD measurements were performed using ESCALAB 250Xi XRD system from
Thermo Scientific. Raman spectra of the films were measured using Horiba's JOBIN YVON
spectrometer with a 532 nm excitation source. SIMS measurements were performed using an IMS
5fE7 instrument (Cameca, France). A primary ion beam of Cs” with an impact energy of 5.0 keV
and beam current of 3 nA was employed to raster a 180 um x 180 um region of the surface. Positive
secondary ions were accepted from a circular area limited to a diameter of 33 um by ion optical
aperture in order to avoid crater effects. For each crater, the total depth of the crater, measured by
a KLA Tencor Alpha-Step 1Q profilometer (KLA-Tencor, U.S.A.), was used to calculate the

average ion beam sputter rate necessary for converting the SIMS analysis time into depth profile.



Finally, Conductive Atomic Force Microscopy (C-AFM) and cathodoluminescence (CL)
measurements were performed to investigate the mechanism of improved conductivity and
stability, respectively. C-AFM measurements were conducted in air by a Cypher AFM (Asylum
Research, Oxford). Current mapping was obtained by the Asylum Research ORCA cantilever
holder with dual gain (sensitivity: 1 nA/V and 1 pA/V; current range: +£10 nA and £10 pA).
Conducting Pt/Ir-coated silicon probe (Nanosensor, PPP-EFM) with a calibrated spring constant
~ 1.67 nN/nm was employed for all the C-AFM measurements. CL measurements were performed
using an FEI Verios 460 FESEM equipped with a Gatan MonoCL4 Elite CL system with 5 kV

beam voltage and 0.2 nA beam current.
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Figure 1. Effect of TiO2 RF power on the (a) transmittance of Cul-TiO2 samples, and (b) resistivity

of the different Cul-TiO2 composite samples. The pure Cul sample is also shown for comparison.

RESULTS AND DISCUSSION
The effect of TiO2 power on the transparency and resistivity of Cul-TiO; samples is shown in

Figure 1(a) and 1(b), respectively. It is quite evident that introduction of TiO> can significantly



improve the transparency of Cul thin films, especially in the visible regime (400 — 800 nm). As
will be shown later, the increased transparency of Cul-TiO; samples in comparison to pure Cul
sample could be explained in terms of Zener pinning which inhibits the grain growth and therefore
reduces the roughness of the Cul-TiO> samples leading to reduced scattering of light and increased
transparency. The average transmittance of Cul-TiO»-180 sample is significantly improved to
~78% in 450 — 800 nm regime in comparison to pure Cul, average transmittance of which is ~61%
in the same regime.

The resistivity of Cul and Cul-TiO2 samples are shown in Figure 1(b). A decrease in resistivity of
Cul-Ti0O; samples with increased power of TiO> deposition (increased concentration of TiO2)
follow almost linear curve. Similar results have been reported both experimentally and
theoretically for other metal halides doped with oxides. 37-3% 4142 4445 Amongst all measured
samples, the lowest resistivity was obtained for Cul-TiO;-180 samples. For Cul-TiO2-180
samples, a resistivity of ~14 mQ.cm is obtained while the resistivity of pure Cul prepared under
similar condition was ~56 mQ.cm. A decrease in Cul resistivity with TiO2 incorporation is mainly
because of increased hole density, which increases from 4x10' ¢cm for pure Cul to 1.3x10?° cm
3 for Cul-TiO samples, as confirmed by Hall effect measurements (see Figure S2). In addition,
incorporation of TiO> also increases the Hall mobility of Cul samples from 2.75 to 3.5 cm*V-!s™!,
most likely due to increased grain packing density and increased grain boundary conductivity, both
of which favors the charge transport within the grain boundaries. This effect will be explained in
later part of this section by assuming the formation of a space charge layer at the Cul/TiO:
interface.

For simplicity, here onwards, we only compare the results of pure Cul and Cul-TiO»-180 samples

to explain reasons for improved conductivity, transparency and stability of Cul with the
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Figure 2. Comparative XRD diffraction patterns (a), and Raman spectra (b) for Cul and Cul-TiO»-

180 samples. (c¢) SIMS profiles of Cul-TiO2-180 showing the depth profile of various elements.

introduction of TiO,. The XRD patterns for Cul and Cul-TiO>-180 samples are shown in figure

2(a). It is unambiguous that no additional peak can be detected for Cul-TiO; sample, suggesting

the addition of TiO> does not introduce any crystalline phases. This observation is consistent with

previously reported results where insulating oxides such as Al203, Si02, TiO2 were used to improve

the conductivity of metal halides such as Lil, CuCl,, Agl without any new phase detectable by

XRD. * An absence of any characteristic peaks of TiO> in XRD is because it exists in an



amorphous phase as confirmed by electron diffraction pattern shown in figure S4 of the
supplementary section. Both Cul and Cul-Ti0O»-180 samples show (111) as the preferred crystal
orientation, since (111) planes in zincblende Cul have the minimum surface energy and the fastest
growth rate '>23, XRD pattern for both Cul and Cul-TiO,-180 samples confirm the formation of
pure fcc y-Cul as confirmed by JCPDS 2.00 card No. 06-0246.

Figure 2(b) shows the Raman spectra for the Cul and Cul-TiO»-180 samples. Similar to XRD;
Raman measurements were not able to detect any significant difference between the two samples.
The Raman spectra for both Cul and Cul-TiO2-180 samples show very well resolved peak at ~124

cm’!

corresponding to transverse optical mode (TO), whereas a smaller peak at lower wavenumber
(~90 cm™) corresponds to transverse acoustic mode.

SIMS profiles for different elements detected in Cul-TiO2-180 are shown in Figure 3(c). It is quite
clear from Figure 3(c) that TiO> is present in the Cul-TiO; sample with a more pronounced TiO>
incorporation towards the bottom of the layer, which is in agreement with EDS measurement
performed on the same sample (see Figure S3 of the supplementary section). The quantitative
analysis of TiOz in Cul was performed against a standard implanted sample with known
concentration of Ti and O in Cul. The calculated peak concentration of TiO2 in the sample is
~1x10?! em™ which corresponds to ~5 atomic percent.

FESEM images of Cul and Cul-TiO,-180 are shown in Figure 3(a-c) and 3(d-f), respectively. It is
quite apparent that Cul in absence of TiO2 tends to form bigger grains which increase the scattering
of incoming light and gives a milky appearance. Furthermore, for films with thickness of only few
hundred nanometers, these large grains tend to aggregate with each other in a random fashion

leaving behind empty spaces between aggregates which further reduces the transparency of pure

Cul thin films because of increased scattering. On the other hand, the use of TiO2 reduces the grain

10
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Figure 3. (a-c) FESEM images of Cul sample shown at different magnifications. Smaller grains

aggregate with each other to form bigger clusters leaving empty spaces in between which cause
scattering of light and a milky appearance in Cul samples. (d-f) FESEM image of Cul +Ti0O2-180
samples at different magnifications. In contrast to Cul sample, Cul+Ti02-180 grains tend to form

a closely packed clusters and relatively smooth surface, which in turn leads to higher transparency.

size (see Figure 3(d-f)) and the smaller grains form a more compact thin film structure which
minimizes the scattering of light and thus reduces the milky appearance and increases the
transmittance of light. Previously, second phase materials have often been employed to inhibit the
grain growth, especially in polycrystalline metals and ceramics. *4 It has been reported that grain

48-51

mobility can be significantly influenced in the presence of second phase particles, which act

as obstacles to the motion of grain boundaries and thus retard grain growth.’! Smith and Zener

11



were the first to study the effect of volume fraction (f) of second phase material on the abnormal
grain growth of polycrystalline materials.>?>* They deduced that in the presence of a spherical
second phase particle with diameter (d) and volume fraction (f), the stabilized grain size (Dpax) of
the polycrystalline material is directly proportional to d and inversely proportional to f. Though
some fine tuning to this model have been made by several other researchers,** it remains the fact
that increased volume fraction of second phase material decreases the size of the stabilized grain.>*
% In the current scenario, increasing the TiO: concentration decreases the grain size of

polycrystalline Cul leading to a reduced light scattering and increased transmission. The presence
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Figure 4. (a) Schematic of the set-up for the C-AFM. (b) The morphology ofa I um x 1 um region
of the Cul-TiO film and (c) corresponding current mapping over the same area. (d) Three-

dimensional representation of the current map overlaid on the morphology contour.
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of TiO2 in Cul is further confirmed by EDS measurements on Cul-TiO> samples shown in Figure
S3 of the supplementary section.

There are several different mechanisms to explain the enhanced conductivity in metal halides by
the inclusion of an insulating phase. 38-3% 41-42.35-57 Though different theories take different routes,
all of them reaches to the same conclusion that interfaces play a major role in the conductivity
enhancement of these mixed phase conductors. Maier’s theory is one of the most accepted theory
which supports the formation of a highly conductive space-charge layer at the interface of
Cul/TiO2*% 570 To experimentally verify the formation of highly conductive space charge region
at the Cul/TiO> interface, we performed the conductive AFM measurements.

Figure 4a shows the schematic diagram of the set-up for C-AFM. Figure 4b is the morphology of
the Cul-T102-180 thin film with a 1 pym % 1 um scanning area collected in contact mode (contact
force ~ 25 nN). The black and white contrast indicates the height differences. The grain size
typically ranges from 80 to 300 nm, which is in accordance with the SEM measurement. Figure
4c presents the current scanned in the same region shown in Figure 4b under a DC bias of 500 mV.
To better visualize the current distribution, the current image is overlaid on the corresponding
morphology image and plotted in 3-D rendition (Figure 4d). As predicted by theory, the interfaces
of Cul-TiO2-180 samples show significantly higher conductivity as compared to bulk regions.
Figure 4d further corroborates that the flow of charges are mainly at the grain boundaries, which
confirms the enhancement of conductivity at the interfaces. C-AFM measurements were also
performed on pure Cul samples (shown in Figure S6 of the supplementary section) under similar
conditions (at same voltage). However, no significant current flow was detected around the grain

boundaries in pure Cul samples.
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Figure 5. (a) UV-Vis spectra for Cul and Cul-TiO2 samples aged for 6 months at ambient

condition. (b) Effect of ageing on resistivity of Cul and Cul-TiO> samples.

Further, it is well known that the electronic and optical properties of Cul can degrade significantly
when stored in ambient condition for long durations.?* >33 3¢ Therefore, we monitor the optical
transmittance and the conductivity of both Cul and Cul-TiO2-180 samples left in ambient condition
over a duration of 6 months. The UV-Vis spectra for Cul and Cul-Ti02-180 samples after 6-months
storage are shown in Figure 5(a). It is quite evident that the transparency of Cul-TiO»-180 sample
shows no appreciable change (compare Figure 5(a) and 2(a)), whereas, the average transparency
of pure Cul reduces to below 50% in the 400-800 nm regime. Similar to optical transparency, the
electronic behavior of Cul (shown in Figure 5(b)) also degrades with ageing and the resistivity of
Cul samples increases from ~56 to ~260 mQ.cm, over a duration of 6 months. However, under
similar conditions, the resistivity of Cul-TiO2-180 samples (Figure 5(b)), remains within + 5% of

the original value i.e. ~14 mQ.cm. These results confirm that the Introduction of TiO> in Cul not
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only improves its optical transparency and holes conductivity but also increases its stability in

ambient condition.
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Figure 6. (a) and (b) shows the SEM of a Cul sample after ageing for 6 months. Comparing the
SEM of fresh sample and aged sample (Figs 2a-c), the change in morphology of larger grains is
quite apparent. (¢) Panchromatic CL mapping of an aged Cul sample. Three different regions (in
green boxes) were selected to perform spectral analysis. (d) CL spectra from three different
regions. (€) and (f) shows a Cul-TiO>-180 sample after ageing for 6 months. No significant change
in the morphology of grains was visible when compared to a freshly prepared Cul-TiO>-180
sample (Figs 2d-f). (g) Panchromatic 'CL mapping of an aged Cul-TiO»-180 sample. Three
different regions marked by the green boxes are spectrally analyzed, the results of which are shown

in (h).

Previously, it has been postulated that degradation of Cul samples with time is because of
recrystallization, grain growth, loss of iodine and unwanted oxidation of Cul.*? Therefore, to better
understand the reason for improved stability of Cul-TiO»-180 in comparison to pure Cul samples,
combined SEM-CL measurements were performed on aged Cul and Cul-TiO»-180 samples. It is
quite apparent from the images that the grains in aged pure Cul (Figure 6(a-b)) have grown large
and rough over time, most probably due to re-crystallization and discontinuous grain growth,
leading to increased light scattering and decreased transparency. In contrary, grains of aged Cul-
Ti10,-180 (Figure 6(e, f)) show no distinct change in the morphology and remain a continuous and
relatively smooth layer. As discussed earlier, TiO> might be reducing the grain boundary mobility

by segregating at the grain boundaries leading to inhibited grain growth. Though not very common

61-62 63-64

for halides, impurities have often been used to inhibit the grain growth in metals oxides,
and other polycrystalline films "3 to reduce degradation over time. In addition, the concept of

segregation of TiO» at the grain interface agrees well with the increased interface conductivity in

Cul-TiO2-180 samples as confirmed by C-AFM measurement (Figure 4).
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In addition to FESEM analysis, we also perform a cathodoluminescence (CL) analysis to
investigate the chemical changes that might be happening at the grain level in aged Cul and Cul-
Ti0,-180 samples. The panchromatic CL images for aged pure Cul and Cul-Ti0»-180 samples are
shown in Figure 6(c) and 6(g), respectively. To analyze the CL results in both Cul and Cul-TiO»-
180 samples, we mark three different regions and plot the corresponding CL spectrum for these
regions in Figure 6(d) and Figure 6(h) for Cul and Cul-Ti0O»-180 samples, respectively. Both Cul
and Cul-Ti0;-180 samples show a sharp peak at lower wavelength, and a wider peak in 600-800
nm wavelength regime. The sharp peak at lower wavelength (at ~410 nm) corresponds to band-to-
band recombination, whereas the wider peak in 600-800 nm wavelength regime corresponds to
defects due to iodine vacancy (at ~690 nm ) and oxidation of Cul (at ~750 nm).%% Though both
Cul and Cul-TiO;-180 show very high luminescence in panchromatic CL image shown in Figure
6 (c) and 6(g), respectively, it is important to note that the luminescence in pure Cul is dominated
by defect recombination, whereas the luminescence in Cul-TiO2-180 samples is dominated by
band-to-band recombination. This is important because the loss of electronic conductivity of Cul
with time has previously been attributed to oxidation and loss of iodine, for which the defect-based
luminescence is detected in the 600-800 nm regime.>>33 3 7 In general, for Cul defect peak
consists of two different peaks; one at ~690 nm and the other one at ~750 nm. The peak at ~690
nm corresponds to iodine vacancies in Cul samples, whereas, the second peak at ~750 nm can be
ascribed to oxygen vacancies, which results from the oxidation of I ions.%®"! It is quite evident
from comparison of Figure 6(d) and 6(h) that Cul-TiO-180 did not oxidize or lost iodine as badly
as pure Cul. This agrees with the fact that Cul-TiO;-180 shows better ambient stability in

comparison to pure Cul.
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CONCLUSION

In conclusion, we have shown that the optical and electronic characteristics of Cul can be
significantly improved through the incorporation of TiO». TiO> helps to achieve size and stability
of individual Cul grains which in turn improves their stability, and consequently the conductivity
and transparency of the film. Though no new XRD, or Raman peaks have been detected for Cul-
Ti0; samples in comparison to pure Cul samples; SIMS and EDS analysis confirm the distribution
of TiOz in Cul samples. In addition, FESEM confirms that TiO> can inhibit grain growth and
recrystallization of Cul. C-AFM measurement shows high conductivity at the grain interfaces of
Cul-Ti0,-180 sample in comparison to pure Cul grain interfaces, which confirms the hypothesis
of the formation of highly conductive region at the Cul/Ti0O: interface. Such enhanced conductivity
at the Cul/Ti0z interface is the major reason for higher bulk conductivity in Cul-TiO2 samples as
compared to pure Cul samples. Moreover, a comparative SEM-CL measurement on aged Cul and
Cul-TiO; samples, show that pure Cul loses transparency and conductivity because of
recrystallization, grain growth, loss of iodine and unwanted oxidation. In comparison, Cul-TiO:
samples do not show any significant change and maintains its stability. Finally, it is expected that
this work will become basis for achieving a Cul based p-type transparent conductor with high

transparency, conductivity and ambient stability.
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