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Abstract

y Copper (I) chloride is naturally a direct band gamcblende and p-type semiconductor
material with much potential in linear and non-aneptical applications owing to its large
free excitonic binding energy. In order to fabrecan efficient electrically pumped emitter, a
combination of both p-type and n-type semiconduct@terials will be required. In this
study, we report on the growth of n-typeCuCl with improved carrier concentration by
pulsed dc magnetron sputtering of CuCl/Zn target.iiprovement of carrier concentration
up to an order of ~ 9.8x¥bcm?®, which is much higher than the previously repofted.0*°
cm?), has been achieved. An enhancement in crystsllifiCuCl along the (111) orientation
and its consistency with the morphological studiage also been investigated as an effect of
doping. Influence of Zn wt % in the sputtering &trgn the Hall mobility and resistivity of
the doped films is explored. The strong ultravicetission of doped films is confirmed

using room temperature and low temperature photioleseence studies.
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1. Introduction

The investigation of materials for solid-stdighting has a fundamental role in the
development of cost-effective and environmentatlgridly light sources. Wide band gap
materials like GaN and ZnO are being studied extehsby many researchers for the past
few years due to their potential applications ie flabrication of ultraviolet (UV) light
emitting diodes (LEDs) and laser diodes [1-3]. Butrucial problem associated with these
materials is the presence of threading dislocatidms to the lattice mismatch with non-
parental substrates [4, 5]. Furthermore, ZnO ssiffieem difficulties in producing consistent
p-type material [6, 7]. The lattice mismatch betwé#ge semiconductor and the substrate can
create defect densities as high a¥ tBv2 These defect densities tend to reduce the irterna
guantum efficiencies and hence the reliability bé tdevices [8]. The wide band gap,
zincblende, I-VII compound semiconductgCuCl, could be a worthwhile candidate due to
its small lattice mismatch with Si (<0.4 %), andhits a direct band gap of approx. 3.39eV at
room temperature. Furthermore, the excitonic bigdinergy of CuCl is of the order of 190
meV [9], which is much higher than that of GaN (@8V) [10], ZnO (60 meV) [11] and
other related direct band gap inorganic materigiss exciton stability could see this material
system develop into an efficient candidate for UROs and diode lasers operable at room
temperature. To make use of the advantages of @Gu@al devices, there should be a
reliable technique for doping this material system.

There have been several reports on the electricglepties of cuprous chloride and
related halides by many authors: Wagsateal. [12] studied the total electrical conductivity
and hole conductivity of bulk copper halides (CuClUBr and Cul) between 523 and 723 K
using AC voltages at 1 kHz and DC polarization rod) Brendahast al. [13] investigated

the total conductivity and the electronic condutgiwf CuBr thin films between 186 K and



350 K using impedance spectroscopy and DC polérizahethods; Knautlet al. [14, 15]
performed room temperature Hall effect measuremamtisMott-Schottky analysis on CuBr
thick films, while Lucaset al. [16, 17] probed the total conductivity and thectienic
conductivity of CuCl thin films between 160 and 460 using impedance/admittance
spectroscopy and DC polarization methods. The summm&all these experiments is that
cuprous halides are naturally p-type mixed ionieebnic semiconducting materials with a
very low electronic conductivity at room temperatand above. The hole conductivity arises
from a Cu deficiency, in the copper halide crystals (Cu; X: where X = CI, Br or I). As
part of the effort for the realization of excitoalated light emitting devices using CuCl,
O'Reilly et al. [18] co-evaporated CuCl/Zngthin films and demonstrated the first n-type
CuCl based films. However, the carrier concerdratn these doped films was very low (n~
1 x 10*%cm®) probably due to compensation effects caused @ithultaneous introduction
of excessive Cl atoms from the co-evaporation daZlZn

Here, we proceed from our previous work on the gincand characterization of CuCl
films [17-19] and move a step closer to the redilimaof an efficient homojunction light
emitting device based on CuCl technology by presgrthe optoelectronic properties of n-
type CuCl:Zn thin films with improved carrier comtgations grown by pulsed dc magnetron
sputtering on glass and Si substrates. Unlike #meivm evaporation technique, sputtering is
capable of depositing thin films of repeatable dtmmetry [20] which is crucial for the
reliable performance of a compound semiconductden@ like CuCl:Zn. In addition to this,
the use of Zn powder instead of Za@lill prevent the problems of additional Cl inclosi
during film deposition as was experienced in theeaporation of CuCl/ZnGlfilms [18].
2. Experimental details

Thin films of CuCl:Zn were prepared by pulsed dagmetron sputtering of a CuCl/Zn

target, with the weight percentage of Zn in thgeawvarying from 0-5%, onto glass and Si



substrates. Prior to deposition the substrates wérasonically cleaned using acetone,
trychloroethane and methanol followed by de-ionisegdter. An ENI RPG-100 pulse
generator was used to drive a planar magnetradfittith the target in the power regulation
mode. The chamber was first pumped down to a besssyre of 2x10 Pa by cryogenic
pumping. The target was pre-sputtered for aboumirutes prior to deposition in order to
reduce the contamination and to obtain a stabkmpadensity. Sputtering was carried out in
pure argon atmosphere and the working pressureagpssted to 0.55 Pa. The target to
substrate distance was adjusted to 6 cm. The pderesity at the target and duty cycle of the
pulse were optimized from a number of iterationd¢o1.73 W/crhand 40%, respectively.
The substrates were held at floating potential #ed sputtering time was adjusted to 15
minutes to obtain a uniform film thickness of 36@0 nm for all the deposited samples.

X-Ray diffraction (XRD) analysis was carried ousing Copper K radiation of
wavelength 1.54 from a Bruker D8 instrument to determine the alwstity of the CuCl:Zn
films, usingB8-20 configuration. The morphology of the thin films svanvestigated using
Scanning Electron Microscopy (SEM) at an operatiatjage of 13 kV. Circular gold ohmic
contacts of 1mm diameter were evaporated on thesfdeposited on glass substrates. Hall
effect measurements were carried out in the varPdaw configuration using a Nanometrics
HL5500PC Hall effect system. UV/Vis absorption dpeof the films were explored using a
Perkin Elmer Lambda 40 UV/Vis spectrometer in ageof wavelengths from 320-420 nm.
Temperature dependent photoluminescence (PL) nexasuts were carried out from room
temperature down to 17 K by employing a closedunelicryostat system and a 355 nm
excitation laser. The photoluminescence spectra weltected on a Jobin Yvon-Horiba Triax
190 spectrometer coupled with liquid nitrogen cddCD detector.

3. Results and discussion



The CuCl:Zn films (samples) are deposited on géass Si (100) substrates at room
temperature by pulsed dc magnetron sputtering @flfZa targets containing 0, 1, 3 and 5wt.
% Zn, and from here onwards these samples arerdgsjas A, B, D and E, respectively
(See Table 1). The crystalline quality of the Ci@l:films was examined and the
corresponding diffraction peaks were indexed. lguFé 1(inset), plots (a), (b), (c) and (d)
show the powder XRD pattern of samples A, B, D Bndespectively. All the measurements
were carried out in identical experimental condiioThe Bragg diffraction patterns of the
samples are in good agreement with the ICDD datadtycrystalline CuCl. All the samples
show the cubic zincblende structure with latticengls oriented along (111), (220) and (311)
directions with B values ~28.35 ~47.4 and ~56.3, respectively, and preferential orientation
along the (111) planes. XRD patterns indicate mm sif structural deformity of CuCl by
doping with Zn up to sample E; however, interestingn improvement in the orientation
along the (111) direction is observed in sample& D in comparison to that of sample A.
The variation of the peak intensity ratio of CuC11) to the total intensity of all orientations
{CuCl (111) + CuCl (220) + CuCl (311)} (between 2alues 20 and 60) as a function of
the Zn wt. % is also illustrated in figure 1. Onleserves that the (111) crystalline volume
fraction (crystallinity) increases with Zn doping to sample D, and beyond that it tends to
degrade. Generally, polycrystalline cuprous halikéen films are believed to contain
numerous copper vacancies [21-23]. The introduatfadn is assumed to fill some of the Cu
vacancies in the CuCl crystal, thereby improving thystallinity of the doped samples. The
incorporation of Zn atoms could be facilitated daehe fact that the ionic radii of the Cu
and Zrf" ions in the tetrahedral co-ordination are equiviteth a value of ~60 pm [24].

Figure 2 illustrates the variation of the full widat half maximum (FWHM) of the

CuCl (111) peak and the average crystalline sizzaordance with the weight percentage of



Zn in the target obtained from the X-ray diffractianalysis. The average crystalline sizes are
calculated using the Scherrer equation,

q= 091
Afcosd,

1)
whereA, 6g and A6 are the X-ray wavelength, Bragg diffraction angled FWHM of the
CuCl (111) peak corrected for instrumental broadgnrespectively. Since the lattice
mismatch between the Sis(a5.43 A) and CuCl film (@.c1=5.40 A) is very small (~0.5%),
we expect that the broadening effect due to stiminegligible in this case. The FWHM
decreases from 0.24sample A) to 0.18(sample D) and again increases slightly t& @2
sample E. This clearly indicates an improvemernhecrystallinity of the CuCl film with the
inclusion of Zn, and the maximum is achieved fa& sample D. The average crystallite sizes
of samples A, B, D and E are calculated as app8@xnm, 47 nm, 49 nm and 44 nm,
respectively. The minimum FWHM and the maximum ped&nsity ratio of the CuCl (111)
with respect to all orientations are observed &ngle D. Furthermore, the largest crystallite
size is also noticed for the aforementioned sanifiem the XRD results, one observes that
the doping of CuCl films with 3 wt. % Zn (sample 8)pears to be the optimum process and
further increases in target Zn concentrations tesub reduction in the (111) crystalline
volume fraction and crystalline size (sample E)e Taduction in the crystal properties may
be due to the segregation of dopants in the graunttaries beyond a doping level
corresponding to sample D (> 3 wt. % Zn in the éfxgThis hypothesis is examined using
SEM analysis of the appearance of non-uniform graiith irregular orientations.

SEM micrographs of the CuCl:Zn thin films are showrfigure 3, which indicates
changes in the grain morphology as a function ofiridorporation in the film. The images
clearly show a slight increase in the grain sizanfrsamples A to D. The average crystalline

sizes obtained from the SEM images are greater thase obtained from the Scherrer



equation using XRD patterns. Similar results wegported by Natarajaet al. [19] in
sputtered CuCl thin films using atomic force miawsy and XRD studies. The grains in the
SEM images can be considered as a group of aggceganocrystallites. The SEM images
of samples A, B and D show almost homogeneous gnagmphology, with uniform
orientation of grains, while that of the sampleH®ws grains with irregular size and shape
with different orientations. This is confirmed Hyet XRD pattern via a decrease in the peak
intensity ratio of the CuCl (111) peak to totaleinsity of all orientations as shown in figure
1.

The room temperature Hall effect data for the Bpeti CuCl samples measured in
the van der Pauw configuration are shown in figtirélall measurements were not possible
with the undoped CuCl (sample A), due to the higgigitivity of the sample. The presence of
mixed conduction mechanisms was observed for saBiglewt. % Zn): both p-type and n-
type conductivities with a relatively lower n-tymarrier concentration of the order of ~
10*°cm™. This could be explained by dopant compensatiarthe simultaneous existence of
both types of conductivity, i.e. electron condustidue to the inclusion of Zn in the Cu
vacancies and hole conduction due to the well knoatarally occurring Cu vacancies in the
undoped CuCl. Due to the fluctuations in the datatltie sample B, we included the results
for an additional sample developed from a 2 wt. &dbped target (sample C) as well. The
doped films (Zn wt. % > 1) consistently showed peyconductivity with an increase of
carrier concentration from 3.01+1.99 Xi@m? to 9.8+1.2 x1& cm?® for samples C and D
respectively, and then slightly decreases to 72410 cm? for sample E. The slight
decrease in the carrier concentration of sampldatk respect to sample D is assumed to be
due to the fact that relatively fewer Zn atoms cantribute to the conduction, and instead
can segregate to the grain boundaries beyond &uydart concentration, in this situation

corresponding to sample D (3 wt. % Zn). A similaduction in carrier concentration of Al



doped ZnO films were reported by Kimadt [25]. As one expects, the Hall mobilities oéth
doped films were found to decrease as the Zn %#s&s. A mobility value of 20+8 éni's

1 0.1+0.02 crfivls? and 0.07+0.01 cAv’s! was deduced for sample C, D, and E
respectively. In a simple form, the Hall mobilityagn be expressed in terms of impurity
scattering mobility pand grain boundary scattering mobilitygs follows:

i :i+i (2)
/Jh /'II /Jg

The sharp decrease in the mobility from sample @t(26Zn) to D (3 wt. % Zn) can
be attributed mainly to the impact of increased unty scattering. The presence of grain
boundaries and trapped interface charges in seduobors results in inter-grain band
bending and potential barriers which are well kndeicause a considerable reduction in the
resultant Hall mobility [26]. A further reduction the mobility of sample E in comparison to
sample D may be ascribed to be the combinationotth impurity scattering and grain
boundary scattering mechanisms as the presencemf gnain boundaries was observed in
the SEM image of sample E (see figure 3).

The variation of resistivities of the samples isaaillustrated in figure 4 (inset). A
value of 250Q2 cm was previously reported as the room temperatsistivity for undoped
CucCl films using 4 point probe measurement [18]e Tésistivities of the samples decrease to
a minimum value of ~ & cm for the sample D, and increase to ~1&tm for sample E.
Obviously, the reduction of resistivity of samplei® due to higher carrier concentration
while the slight increase in resistivity of the gdenE is due to a slight reduction in carrier
concentration perhaps combined with the effectnoféased grain boundary scattering as
explained earlier. The electrical measurementsigurthe efficacy of pulsed dc magnetron
sputtering as a means of incorporating Zn in toGh€l crystal lattice. The substitutional Zn

leads to optimal carrier concentrations and resis for 3 wt. % Zn in the CuCl/Zn sputter



target. We are currently looking at means of imprgwthe mobility of these doped samples
via post deposition thermal treatments. In additiomay fine structure experiments are
planned in order to confirm the substitutional $itezn, i.e. Zi,.

The room temperature UV-Vis absorption spectrattier CuCl:Zn films is shown in
figure 5. Herein, the major peaks correspond td bogh and low energy excitonic bands
known as the Z ,and 2 excitons, respectively. Thei4 and % excitons are due to the
coupling of the lowest conduction band sta§eo both the uppermost valence band hdlgs,
(Z12) andI'7 (Z3), respectively [9, 27]. The 4 peak at ~ 372 nm (3.34eV) and the shoulder
Zzpeak at ~ 379 nm (3.28eV) are in good agreemeittt tvé previously reported absorption
data for the undoped CuCl [18].

The PL measurements for all the samples (bothadlape undoped) showed similar
excitonic emissions at all temperatures. Figureds the temperature dependence of the PL
spectrum of sample D. This graph clearly delinedtes main peaks represented as Z
(~3.21eV), | (~3.19eV) M (~3.17eV) and N (~3.14eV), corresponding to the; Zree
exciton, b impurity bound exciton, M free biexciton and; Nmpurity bound exciton,
respectively. The impurity corresponding to thepéak has already been reported as being
due to a copper vacancy [28], the M free biexcitsults from exciton-exciton collisions [9]
and the N peak originates from a biexciton bound to an intguThese results are in
agreement with the previously reported low tempgeaPL data of the undoped CuCl [17,
18], indicating that the optical properties of theped films are not compromised as a result
of incorporation of Zn atoms. As the temperatureases, the rate of decrease of the peak
intensities of {andN; become higher compared to that of thdr&e excitonic peak intensity,
and the spectra become dominated by #ygedk above 100 K up to room temperature due to
the high free excitonic binding energy of CuCl. TihBuence of temperature on thg #Zee

exciton peak is manifested as a peak energy stufh f~3.205 eV to ~3.248 eV for a



temperature increase from 17 K to room temperafilie.increase in the energy value of the
Z3 free exciton as the temperature increases comespto an increase in the band gap
energy and was theoretically and experimentallylysed for undoped CuCl samples by
Garroet al. [29]. Analogous results in thin films and nanocaystof CuCl have been reported
previously [30, 31].
4. Conclusion

A reliable method for the development of n-type Cu@th improved carrier
concentration using pulsed dc magnetron sputtdnas been presented in this study. The
resistivity of the Zn doped CuCl film was found tiecrease by more than an order of
magnitude compared to the undoped CuCl film with @rerage maximum carrier
concentration of ~ 9.8x¥bcrm® and a minimum average resistivity of <8m for 3 wt.
% Zn doped samples. Improvement in the crystaylioft CuCl films by doping with Zn has
been investigated, and maximum crystallinity isaifed for 3 wt. % Zn doped sample. The
strong UV emission of the doped films confirms islity in the optoelectronic field.
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Figurel. Variation of (111) peak intensity to the totatensity of all orientations as a
function of the Zn wt. % in the target. The insegh shows the X-Ray powder diffraction
pattern for samples corresponding to (a) O wt.l®pL(wt. %, (c) 5 wt. % and (d) 3 wt. % Zn
doped CuCl targets.
Figure 2. Variation of FWHM of CuCl (111) peak and averaggstal size of the CuCl: Zn
film as a function of the weight percentage of @rthe target.
Figure 3. SEM micrographs of CuCl: Zn films with (a) 0 Wt, (b) 1 wt. %, (c) 3 wt. %, and

(d) 5 wt. % Zn in the target.



Figure 4. Variation of resistivity, carrier concentratiand mobility (inset) as a function of
the wt. % of Zn in the target. Sample notatiomidi¢ated in Table 1.

Figure 5. Room temperature UV-Vis absorption of (a) 3 wtZ#iodoped CuCl and (b)
undoped CuCl.

Figure 6. Temperature dependence and room temperaturedetrgm (inset) of 3 wt. % Zn

doped CuCl films.

Table 1. Sample notation used in the text.

Wt % of Zn in

Sample the target
A 0
B 1
C 2
D 3
E 5
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