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Abstract

CuCl is a I-VII semiconductor material with a direct band gap of ~3.4eV.
It exhibits a zincblende structure (y -phase) at low temperatures, up to
~680 K. Unlike GaN, ZnO and related materials, CuCl has a relatively low
lattice mismatch with Si (<0.4%) and a large excitonic binding energy
(~190meV). This suggests the possibility of the fabrication of
excitonic-based blue/UV optoelectronic devices on Si with relatively low
threading dislocation densities. In this study, CuCl has been deposited and
examined as a candidate material for the fabrication of these devices. X-ray
diffraction (XRD) measurements confirmed that the deposited films were
preferentially oriented in the (1 1 1) plane. Room temperature
photoluminescence measurements reveal a strong Z3 free exciton peak
(3.232¢eV). Both steady state dc and ac impedance spectroscopy
experiments suggested that the deposited CuCl is a mixed ionic—electronic
semiconductor material. An electronic conductivity of the order of

2.3 x 1077 Scm™~! was deduced to be in coexistence with Cu* ionic
conductivity using irreversible electrodes (Au), while a total conductivity of
the order of 6.5 x 10~7 Scm™! was obtained using reversible electrodes
(Cu) at room temperature. Further to this, we have identified some of the
challenges in fabricating an optoelectronic device based on a CuCl/Si hybrid
platform and propose some possible solutions.

(Some figures in this article are in colour only in the electronic version)

1. Introduction their excellent thermal, optical and electrical properties. They
have found applications in the manufacture of blue/UV light
In recent years, direct wide band gap semiconductor materials ~ emitting diodes (LEDs), laser diodes, solar blind UV detectors,

have been studied extensively by many researchers, due to solar cells, gas sensors, high electron mobility transistors
(HEMTs) and heterojunction bipolar transistors (HJTs) [1-3].

6 Author to whom any correspondence should be addressed. Since the commercialization of GaN-based LEDs [4] and laser
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diodes [5] about ten years ago, gallium nitride and its related
alloys have since then dominated the blue/UV optoelectronics
industry. GaN is hexagonal (wurtzite) in structure, possessing
a band gap of ~3.43eV and an excitonic binding energy
of 23 meV [6]. In spite of the interesting thermal, optical
and electrical performance of this material, devices produced
from GaN suffer from numerous threading dislocations, due
to the lack of an appropriate substrate. For instance the
heteroepitaxy of GaN on sapphire (@-Al,03) has a mismatch
as high as 16% [7]. The introduction of epitaxial lateral
overgrowth (ELOG) [8] and pendeoepitaxy techniques [9] for
the deposition of GaN thin films has partially alleviated the
problems of threading dislocations. Also the deposition of
GaN on hexagonal silicon carbide (4H-SiC and 6H-SiC), with
a lattice mismatch of ~3.4% [10] has paved the way for the
fabrication of GaN/SiC films with lower threading dislocation
densities. However, these techniques are not straightforward
especially in the latter case where Ga has poor wetting on the
SiC surface [11]. In addition, the direct integration of GaN-
based optoelectronics with Si microelectronics has been very
difficult due to a lattice mismatch of ~17%, thermal expansion
coefficient incompatibility of ~56% and the poor nucleation
of GaN on Si [12].

ZnO, another promising material for the fabrication of
blue/UV light emitting devices, has some advantages over
GaN. These include an excitonic binding energy of 60 meV
and the availability of high quality bulk single crystal.
However, ZnO is usually deposited naturally as an n-type
semiconductor material due to non-stoichiometry caused by
zinc interstitials, oxygen vacancies or the incorporation of
hydrogen in the crystal lattice [13—-15]. Owing to self-
compensation of charges, it is very difficult to prepare high
quality p-type ZnO material reproducibly. The majority of the
p-type ZnO films are usually characterized by a relatively low
hole concentration, low hole mobility and instability [16-20],
and the resulting p-type semiconductor may even appear to
be n-type under the influence of ultraviolet photoelectron
illumination [21]. As in the case for GaN, ZnO thin films face
huge lattice mismatch problems with non-parental substrates
and the difficulty of direct integration with well-stabilized Si
microelectronics-based systems.

With a view of resolving these problems, we are currently
investigating a new material system based on Copper I Chloride
(CuCl) on Si. The large excitonic binding energy of ~190 meV
[22, 23] in CuCl guarantees the observation of excitonic
recombination even up to room temperature and beyond [24].
In a similar fashion to ZnO but as opposed to GaN, high quality
bulk single crystal CuCl can easily be grown. CuCl has been
previously identified and recognized as a candidate material
for the manufacture of electrooptic modulators and optical
filters [25], as an electrolyte for solid-sate batteries [26], as a
superconductor [27], as a photo-catalyst [28], in photography
processing [29] and most recently as a sensor to detect CO in
hydrogen environments [30]. In this study we have deposited
and evaluated CuCl thin films for their chemical, electronic and
optoelectronics properties and analysed the possibility of using
a CuCl/Si hybrid platform for next generation optoelectronic
devices.
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2. Experimental

2.1. Film deposition

CuCl thin films of ~0.5um thickness were grown by
physical vapour deposition using an Edwards A306 vacuum
evaporator at a base pressure of ~1 x 10~®mbar. High
purity commercially supplied CuCl with 99.999% purity
(Alfa-Aesar) was evaporated from a quartz crucible at an
approximately fixed deposition rate of 0.5nms™! as indicted
by the thickness monitor. The thin films of CuCl were
deposited on cleaned square cut Si (100) substrates. The
substrates were not externally heated during the evaporation
process. Prior to deposition the substrates were ultrasonically
cleaned with Decon Neutral® solution, organic solvents and
deionized water. In addition to this conventional degreasing
routine, the native oxide on the Si substrates was removed using
hydrofluoric acid solution. Electrical contacts were made to the
films by depositing copper and gold using vacuum evaporation
or sputtering.

2.2. Characterization techniques

The phase purity and preferred orientation of the crystals
at room temperature were examined on a Bruker AXS
D8 advance x-ray diffractometer, using monochromatic Cu
ky, radiation (A = 0.154nm). The surface morphology
of the films was observed on a Nikon Eclipse ME60OOL
optical microscope and a Digital Instruments Nanoscope 111
atomic force microscope (AFM). Semiquantitative chemical
microanalysis and impurity detection was performed on a LEO
Stereoscan 440 scanning electron microscope and a Princeton
Gamma Tech energy dispersive x-ray analyser with a Si(Li)
detector.

Optical measurements were taken using photolumines-
cence (PL) spectroscopy. Temperature-dependent PL mea-
surements were carried out from room temperature down
to 10K by employing a UV Ar ion Innova laser with
a second harmonic generation BBO crystal producing a
244 nm photoexcitation. The PL spectra were collected on
a Jobin Yvon-Horiba Triax 190 spectrometer with a spectral
resolution of 0.3 nm, coupled with a liquid nitrogen-cooled
CCD detector.

Electrical characteristics were measured using both
reversible and irreversible electrodes (copper and gold) in
two configurations: Cu/CuCl/Cu and Au/CuCl/Au. Several
structures were investigated including point planar, rectangular
planar and sandwich electrode structures. Conventional
lithography masking was used in defining these structures.
Parasitic effects were excluded from the active area by the
use of protective guards around the active region in a similar
fashion to that in the work of Meijer et al [31]. Temperature-
dependent ac measurements were examined using electro-
impedance spectroscopy from 160 up to 400 K. Impedance
spectra were recorded with a frequency network analyser
(Solatron 1260) in a frequency range between 10 mHz and
1.5 MHz with a signal amplitude of 20 mV. Two point steady
state room temperature current—voltage characteristics were
obtained by utilizing an HP 4140B pA meter/dc voltage source
as the source while the current was monitored. Electrical
contacts were made to the electrodes by using a Cu or an
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Figure 1. 6-20 XRD pattern of CuCl film deposited on the Si
(100) substrate.

Au jumper wire of 0.025mm diameter (Advent Research
Materials Ltd) and quick drying silver paint (Agar Scientific).
The samples were mounted in a light-tight, earthed, steel
vacuum chamber, allowing electrical characterizations at a
base pressure of the order of 1073 mbar.

3. Results and discussion

3.1. Structure, chemical analysis and morphology

The crystalline nature and structural parameters of the
deposited CuCl films were identified by the XRD analysis. The
presence of well-defined Bragg peaks (see figure 1) reveals
the polycrystalline nature of the films and the 26 values of
these peaks are in excellent agreement with that of the ICDD
powder diffraction database. The peaks centred around 28.5°,
47.5° and 56.4° correspond to the (111), (220) and (311)
reflections, respectively. These are characteristic of y-CuCl
in the zincblende configuration. The XRD pattern of figure 1
also indicates that the (1 1 1) plane is the preferred orientation,
which is also in good agreement with previous measurements
of CuCl films on (000 1) Al,O3 [32]. An EDX microanalysis
of the films confirmed the approximate stoichiometry of the
CuCl compound and no major impurity contamination was
identified. An example of a contact mode atomic force
microscopy (AFM) measurement on the CuCl/Si films is
shown in figure 2. This reveals some triangular crystallite
features similarly to the previously reported MBE-grown CuCl
films on (00 1) MgO [33]. Based on our experience with the
deposition of CuCl films and the observation of Yanase et al
[33], CuCl crystallises naturally in the (11 1) orientation and
this tends to result in a triangular (1 1 1) oriented faceting on
the growth substrate. The root mean square (RMS) roughness
of the film was evaluated from the analysis of the AFM data
to be 8.83 nm.

3.2. Optical properties

A typical low temperature PL spectrum at 10K reveals four
main peaks according to figure 3. The peak occurring at
3.204 eV is the familiar Z; free exciton. The peak located

Z-range: 100.0 nm

1000

Y-range: 1000 nm
500

1000
H-range: 1000 nm

Figure 2. A typical AFM topograph of a 500 nm thick CuCl film
deposited on the Si (1 00) substrate. Some of the triangular
crystallites are highlighted by dotted triangles.
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Figure 3. PL spectra of a 500 nm thick CuCl film deposited on the
Si (100) substrate at 10 K.

at 3.181eV is the I; impurity bound exciton, a Cu vacancy
having been suggested to be the impurity responsible for this
emission [34]. The energy values of the Z3 free exciton and
the /; impurity bound exciton in this study are in excellent
agreement with previous bulk CuCl crystal measurements [35].
The peak occurring at 3.160 eV is ascribed to the well-known
free biexciton M [36], which originates from exciton—exciton
collisions. Finally, the fourth peak centred at 3.135eV is
attributed to the N, impurity bound biexciton. The value of
3.135¢eV is close to previous measurements on bulk crystals
[37]. The temperature dependence of the PL spectra of CuCl/Si
films is depicted in figure 4. The peak intensities of the
impurity bound exciton /; and the impurity bound to biexciton
Nj decrease more rapidly in comparison with the free exciton
Z3 as the temperature increases. At temperatures above 80 K
up to room temperature, the spectra are dominated by the Z3
free exciton peak. The dominance and the stability of the
Z3 excitonic peak even up to room temperature is due to its
large excitonic binding energy of the order of 190 meV. The
temperature dependence of the Z5 free exciton peak is seen in
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Figure 4. Temperature dependence of the PL spectrum of the CuCl
film shown in figure 3.

figure 4 as the peak energy increases from 3.204eV at 10K
to 3.232eV at room temperature, which in turn indicates an
increase in the band gap as the CuCl film warms up. The
increase in the band gap energy as a function of temperature,
which is in contrast to most semiconductors, was recently
explained by Garro et al [38]. This anomalous effect is
believed to be related to electron—phonon renormalization of
the electronic structure of CuCl. They based their analysis
on the fact that the Cu* ions vibrating predominantly at low
frequencies led to an increase in the band gap, whereas the
Cl1~ ions vibrating at high frequencies led to a reduction in
the gap. The effect of the Cu* ions becomes dominant as
temperatures increase, which in turn results in an increase of
the band gap energy as a function of temperature. Similar
results have been previously reported for both thin films and
nanocrystals of CuCl [39,40].

3.3. Electrical properties

Steady state dc measurements. The current—voltage (I-V)
characteristics of mixed conducting semiconductor materials
can be greatly dependent on the type of electrode used [41].
In this study both reversible (Cu) and irreversible electrodes
(Au) were employed, the difference being that Cu* ions can
swiftly be replaced with Cu but Au on the other hand, which
is a blocking electrode, cannot do this. A typical I-V
characteristic of Au/CuCl/Au structure at room temperature
is shown in figure 5. The non-Ohmic response of the
electrical characteristics is considered to be due to the bulk
properties of CuCl and not interfacial effects. CuCl is a
well-known mixed ionic—electronic semiconductor with p-
type conductivity [42,43]. Following from general suggestions
by Hebb [44], theoretical analysis [41] and experimental
verification by Wagner and Wagner [43], an exponential
current—voltage relation can be expected for a p-type mixed
conduction material if the ionic current is suppressed by
using blocking electrode(s) (Au). The hole conductivity, oy,
in coexistence with the ionic conductivity in a mixed ionic
semiconductor material under steady state conditions can in
principle be estimated from the vertical intercept of the plot of
In I versus E using equation (1) [41,43]:

Inl =In(oyRTA/(Fd))+ EF/RT, 1)
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Figure 5. A typical room temperature /—V plot for a Au/CuCl/Au
structure.
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Figure 6. A typical room temperature /—V plot for a Cu/CuCl/Cu
structure.

where R is the gas constant in J Kmol ™!, T is the temperature
in Kelvin, A is the active region area, F is Faraday’s constant
in Cmol~!, d is the thickness of the sample and E is the
steady state dc voltage which must be typically less than
the decomposition voltage. A calculated hole conductivity
of ~2.3 x 1077 Scm™! was deduced to be in coexistence
with Cu* ionic conductivity using equation (1). This value
could be compared with a value of the order of 1073 Scm™!
calculated for RF-sputtered CuBr films confined between gold
electrodes [45]. The tendency corresponds to the increasing
ionicity of bonds in the series: Cul < CuBr < CuCl.

With the films confined between Cu electrodes (figure 6),
the same experiment gave an Ohmic relation with a maximum
current density of about 100 times lower than that for the film
with Au electrodes. This is not due to a contact limiting
mechanism such as the well-known Schottky emission, but
rather is in agreement with Wagner’s defect chemistry analysis
of mixed semiconducting materials [41]. Thus, when a mixed
ionic—electronic material is equilibrated with its parental metal,
it tends to become a nearly ideal stoichometric material. This is
due to the fact that excess Cu™ interstitial ions and Cu vacancies
are consumed by the reversible nature of the Cu electrodes. A
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total conductivity of 6.5 x 1077 Scm™! was obtained from
the slope of the /-V data of figure 6, which is comparable to
a value of the order of 1078 Scm™! obtained for bulk CuCl
samples [46,47].

Impedance spectroscopy (IS) measurement. 1S is a powerful
ac technique used in separating the bulk and interfacial
phenomena in various materials [48]. The impedance data
is often interpreted as a series of RC elements. The real (Z')
and the imaginary (Z”) parts of the complex impedance are
given by [49]

Z' = Rg/[1 + (w/wB)*] + Ryp/[1 + (0/wg)*]

+ Ra/[1 + (0/wa)’] )
and
7" = —[Rp(w/wp)/[1 + (w/wp)’]

+ Rgp(w/wg) /[1 + (/)

+ Rei(w/wa) /[1 + (0/wa)’]], 3)

where subscripts B, gb and el represent the bulk, grain
boundaries and electrode processes, respectively, and w; =
2nf; = 1/(R;C;) is the angular frequency of the term i.
The high frequency component of the complex impedance
equation is normally ascribed to the bulk property as measured
for single crystals [50], while the intermediate frequency and
the low frequency terms correspond to the grain boundary
and the electrode processes, respectively. In a situation
where the grain boundaries and the electrode effects of the
polycrystalline material are very small with respect to the bulk
effect, equations (2) and (3) reduce to

Z' = Rg/[1 + (w/wp)’] = (R/[1 + (@RC)?)), “4)
7" = —Rp(w/wp)/[1 + (0/wp)*]
= —(wR*C/[1+ (wRO)). (5)

The analysis of our impedance data was performed on a
Nyquist plot (—Z” versus Z'). Well-defined, single nearly
ideal semicircles were obtained across the temperature range
160-400 K using Au electrodes. A typical example of such
plots at 400K is shown in figure 7 and thus equations (4)
and (5) were employed to calculate the electrical parameters
of the CuCl films. By examining figure 7, one can observe
that the Nyquist plot has two solutions for the real impedance
axis (Z') occurring at Ry, as @ — 00, and Ry, as @ — O,
and further to this, the quantity |Ry — R| is the resistance
of the material. Using this simple analogy, the conductance
of the CuCl films was obtained across the temperature range
and fitted to the Arrhenius equation. The Arrhenius plot
shows two distinct slopes, see figure 8. The activation energy
above ~270K was deduced to be 0.43 & 0.01 eV, which is
attributed to extrinsic Cu* ionic conduction by a vacancy
mechanism and is in excellent agreement with previous works
on compressed polycrystalline materials, 0.44eV [47] and
0.45eV [51]. By further examining figure 8, one notices
a change in slope around 265K whose activation energy
varies slightly with different samples grown under the same
experimental conditions. In all the cases, the activation
energies of the samples were within a range of 40 + 20 meV.
At this temperature, the thermal activation energy is too
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Figure 7. A Nyquist plot for the Au/CuCl/Au structure at 400 K.
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Figure 8. Arrhenius plot for the conductance of a typical CuCl film.

low to maintain substantial ionic motion and thus the mode
of conduction is ascribed to a dominant hole conduction
mechanism. Similar activation energies for both Cu* ionic
and hole conduction mechanisms have been demonstrated for
CuBr, a closely related material [52, 53]. The difference
in the values of the activation energy for different samples
may be ascribed to the inability of the vacuum evaporation
method to precisely deposit films with the same stoichiometry
consistently. A similar variation of the electronic parameter
was reported by Schmidt er al [54] for vacuum evaporated
NiMn204+5 films.

4. Electrolytic decomposition

Electrolytic decomposition otherwise known as electrolytic
conduction is a well-known property of polar crystals, which
has been established as far back as the 1920s. Tubandt and
Eggert [55] in 1920 successfully demonstrated the transfer of
Ag in silver iodide via an electrolytic conduction mechanism
under the influence of a steady state source. Electrolytic
decomposition is quite different from dielectric breakdown
and occurs when a polar material is subjected to a steady state
source greater than its decomposition threshold. According
to [53], the threshold voltage is a function of the combination
of the thermodynamic decomposition voltage, which could be
deduced from the Gibbs free energy of formation of CuCl
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Figure 9. Optical micrograph of the electrolytic decomposition
pattern of CuCl films.

(2CuCl — Cu + CuCly; 0.77V and 2CuCl — 2Cu + Cly;
1.22'V at 298 K [56]), over voltages for different processes,
including Ohmic drop, charge transfer at the electrodes (given
by the Butler—Volmer equation [57]) and the nucleation of
the electrodeposits. In our experiment, we have observed the
onset of cathodic decomposition when a steady state voltage
of more than 5V was applied to CuCl films between a pair
of rectangular planar Au electrodes with an inter electrode
spacing of 0.25 mm. Figure 9 shows an example of such a
Au/CuCl/Au structure subjected to 10 V steady state bias for
7h. An EDX microanalysis on the fractal growth confirmed
the dendrites are metallic copper.

5. Challenges

Like most semiconductor materials, CuCl presents its own
challenges to achieving the primary goal of fabricating a Si
compatible optoelectronic device. In the case of CuCl we
have identified the following major challenges to resolve upon
which we are currently working.

5.1. Thermal stability

The thermal stability of CuCl deposited on Si was earlier
reported by O’Reilly ef al [58]. It is believed that a reaction
leading to the formation of SiCly and Cu is formed by CuCl in
contact with Si at temperatures above 523 K. For this reason
devices fabricated from this hybrid platform must be dedicated
to low—medium temperature range applications, typically less
than 473 K.

5.2. Chemical stability

Cuprous halides are known to be very sensitive to air and
moisture. CuCl as a member of this family oxidizes into oxy-
halides of Cun upon exposure to air [59]. We have initially
demonstrated that thin films of CuCl could be encapsulated
for a lengthy period greater than four weeks using organic
polysilsesquioxane (PSSQ) and cyclo olefin copolymer (COC)
encapsulants [60]. Most recently we have observed that the
degradation of deposited CuCl films depends greatly on the
purity of the source CuCl powder used for the evaporation
and on the cleanliness of the substrate. Encapsulated films
deposited from high purity freshly prepared CuCl powder upon
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very clean substrates have been found to be still chemically
stable for a period greater than a year.

5.3. Electronic conductivity

It is well known that cuprous halides are mixed ionic—
electronic semiconductor materials with a predominant Cu
cationic conduction mechanism as previously explained. We
are currently examining means of improving the electronic
conductivity of CuCl films.

5.4. Electrolytic decomposition

This may be the greatest challenge in utilizing this material
to fabricate optoelectronic devices. A thermodynamic
decomposition voltage of 0.77 V was previously reported [55]
for undoped CuCl. Such a low decomposition threshold
voltage will obviously not favour any semiconductor device.
In our experiments we have observed no decomposition
when a steady state voltage of <5V is applied to our
CuCl films deposited as previously described. Despite the
fact that no dendrites were observed on films subjected to
a voltage of <5V, this does not explicitly rule out the
possibility of electrolytic decomposition. To this effect we are
currently examining the stability of the fundamental electrical
parameters (resistivity, carrier mobility, carrier density and
carrier profiling) before and after being subjected to voltage
stresses of up to 5'V.

6. Conclusion

In summary, CuCl has been deposited and assessed as
a candidate material for the fabrication of Si compatible
optoelectronic devices. Room temperature XRD results
confirmed that the deposited CuCl films are zincblende in
structure. PL measurements at 10 K reveal four main peaks
ascribed to the Z3 free exciton, /; impurity bound, M biexciton
and the N; impurity bound exciton. Room temperature steady
state dc measurements using reversible electrodes (Cu) gave
an Ohmic response while using irreversible electrodes (Au)
gave exponential /—V behaviour, both in conformance with
Wagner’s defect chemistry analysis of a mixed ionic—electronic
material. The temperature dependence of the conductance
of CuCl films deduced from impedance spectroscopy was
interpreted as a change from extrinsic Cu* ionic conduction
above 270K to a hole conduction mechanism below that
temperature, where the thermal energy is inadequate to
maintain considerable ionic motion in the CuCl films. We
are currently examining means of improving the low electronic
conductivity and electrolytic decomposition problems of CuCL
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