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ZnO has been experiencing a research renaissance for several years due to its promising electronics and gas sensing properties.
It has a relatively big Eg = 3.37 eV at room temperature, a considerable exciton binding energy (60 meV), and exhibits n-type
conductivity. One of the most significant advantages of ZnO is its ability to fine-tuning the conductivity and forbidden energy with
doping.

Doping with transition metals can enhance zinc oxide’s physical, chemical, and optical properties. One such material is copper,
which seems to be an interesting dopant due to its high electric conductivity and similar ionic radii. The possibility of achieving the
half-metallic ferromagnetism, p-type conductivity, or shifting the luminescence edge to the blue region seems to be an exciting feature
for modern electronics. What is more, Cu doping may increase the thermal resistivity, which can be applied as the material in high-
power devices.

The following article consists of a detailed review of studies of copper doped ZnO. The first part of the paper consists of a deep
look into the properties of ZnO and the purpose of copper doping of ZnO structures. Due to a wide variety of synthesis methods, the
second part consists of studies on the production methods of such structures. The central part of an article is correlated with the studies
on structural and optical characterization of Cu doped ZnO; thus, the main body of this paper is divided into three sections. For crystal
structure, we derive the analysis of XRD patterns, which gives information on the sub-phases, which may form due to doping. In
addition, UV-Vis absorption gives insight into the new material’s band structure. Finally, a short section about photoluminescence
brings attention to potential applications in LED diodes.
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Briye Mi1i Ha BIaCTUBOCTI OKCUTY IIUHKY — OTJISIA
Edyta Chtopocka, Ewelina Nowak

Faculty of Materials Engineering and Technical Physics, Poznan University of Technology, Poland

ZnO mepexuBa€ IOCIITHUIBKAN PEHECAHC MPOTATOM AEKUTBKOX POKIB 3aBISKHM CBOIM MEPCHEKTUBHUM BIACTHBOCTSAM B
obJacTi eNeKTPOHIKU Ta ra3ojeTekTyBaHHs. Bin Mae BiqHocHO Bemuky Eg = 3,37 eB npu kiMHaTHIN TemIiepartypi, 3HaUuHy €HEpriio
3B's13Ky ekcutoHy (60 mMeB) i mpoBinHicTh n-Tumy. OnHiero 3 HalBaxMBImMMX nepeBar ZnO € HOro 37aTHICTh TOYHO PETYIIOBAaTH
HPOBIJHICT Ta 3a00POHEHY SHEPTIIO 3a JONOMOTOI0 AOMIIOBAHHS.

JlomitoBaHHSI y MIEpeXiTHUX MeTanax Moe MOCHINTH (i3nyHi, XiMI4HI Ta ONTHYHI BIACTUBOCTI OKCUAY IMHKY. OJHUM 3 TaKUX
MaTepialiB € Millb, 10 BUSBISETHCS [IKaBOIO JOOABKOO 3aBISKH CBOTi BUCOKIH €IEKTPOIPOBITHOCTI Ta MOJIOHUM 10HHUM pajiycam.
MOXITUBICTh TOCATHEHHS HAIliBMETaNIeBOro ()epOMarHeTH3My, POBITHOCTI P-THITy a00 3MILICHHS Kparo JIOMiHECIEHIIIi B 00JacTh
CHHBOTO CIEKTPY BHSBIISIETHCS I[IKABOIO OCOOJNMBICTIO A Cy4acHOI eleKTpoHiku. Bimbmr Toro, momiroBanHs Cu Moke 30UTBIINTH
TEIIOBHH OIIip, TOMI Mib MOXKHA 3aCTOCOBYBATH SIK MaTepiai Ul HAATOTYKHUX IIPUCTPOIB.

LIst poboTa ckaga€eThest 3 AeTaIbHOTO OIISAY AociikeHs ZnO, gonioBanoro Mizro. [lepina yacTHHa CTaTTi CKIIAAETHCS 3
rrOOKOro BUBYEHHs BiacTUBOCTeil ZnO Ta IOLITBHOCTI JOMiIOBaHHS Mimaio cTpyktyp 3 ZnO. 3aBAsky HIMPOKOMY PO3MAiTTIO
METOJIiB CHHTE3y Jpyra 4acTHHA CKJIQIAE€ThCs 3 JIOCHTIPKeHb METOZIB BUPOOHHUIITBA TaKMX CTPYKTYp. LleHTpanbHa 4acTWHA CTaTTi
CHIBBIHOCHUTBCS 3 JIOCIIDKEHHSIMH CTPYKTypHOI Ta onTuuHOl xapaktepusarii ZnO, momiiioBaHoro Cu; TakuM YHHOM, OCHOBHA
YaCTHHA IIbOTO JOKyMEHTY PO3JIiJIeHa Ha TPH PO3Aiix. st KpUCTAIIYHOI CTPYKTYPH OTPHMAHO aHAI3 3pa3KiB PEHTTEHOTpPaMH, STKHH
nae iHdopMariro npo cyodasu, o MOXKYTh YTBOPUTHCS BHACIIIOK JomitoBaHHSA. KpiM TOro morimHaHHS y YIbTpadioleTOBOMY Ta
BUIUMOMY Jiarma3oHaXx Jae 3MOTY 3pO3yMITH 30HHY CTPYKTypy HOBOTO Marepiamy. HapemTi, KOpoTkmii po3xmin mpo
(hOTONFOMIHECIICHIIIFO 3BePTAE yBary Ha MOTEHIIHHI MOKJINBOCTI BHKOPHUCTAHHS Y CBITJIONIONAX.

Kinro4oBi cjioBa: xpucranigyia CTpyKTypa, JIeryBaHHs, (POTOTFOMIHECLICHIIIA.
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The influence of copper on zinc oxide properties — a review

ZnO nepexxuBacT UCCIIEOBATEIBCKUI PEHECCAHC B TEUSHHE HECKOJIBKUX JIeT 0J1aroaapsi CBOMM IEePCIeKTHBHBIM CBOMCTBaM B
007acTH SIEKTPOHUKH U rasoferekimu. OH uMeeT OoTHocuTensHO Oonpuryto Eg = 3,37 5B mpu komHaTHOH Temmepatype,
3HAYUTENBHYIO SHEPTUIO ¢BA3U 3KcuToHa (60 M3B) 1 mpoBoauMocTh n-tuna. OTHUM U3 BaXHEHIINX IpenMyiecTB ZnO sBiseTcs ero
CIOCOOHOCTB TOYHO PETyIMPOBATH IPOBOJUMOCTD H 3aIPEIIEHHYI0 SHEPTHIO C OMOIIBIO JOTIHPOBAHHS.

JlonmpoBaHye B IEPEXOJHBIX METalIaX MOXKET YCHINTH (GH3MIECKHEe, XUMUYECKHE W ONTHYECKHE CBOMCTBAa OKCHAA IMHKA.
OmHEM W3 TaKMX MaTepHANIOB SBISIETCS MeAb, KOTOpas OKa3bIBaeTCS HMHTEPECHOW mo0aBKoi Omaromapst CBOEH BBICOKOM
JIEKTPOIIPOBOAHOCTH W MOJOOHBIM HOHHBEIM panuycaMm. Bo3MOXHOCTH IOCTH)KEHHS HMOITyMETAUIMYECKOTo (eppoMarHeTu3Ma,
MPOBOAUMOCTH P-THUIA WJIN CMELICHHS Kpast JIIOMUHECLIEHIIMU B 00JIACTh CHHETO CNEKTpa OKa3bIBACTCS MWHTEPECHOH OCOOCHHOCTHIO
JUIsL COBPEMEHHOM 3IeKTpOoHuKH. bonee Toro, ponupoBanne Cu MOXKET YBEIHYHUTh TEIUIOBOE COIPOTHBICHUE, TOT/A MEIb MOXKHO
NPUMEHSATH B KAYECTBE MaTepHala Ul CBEPXMOLIHBIX yCTPOHCTB.

Ota paboTa COCTOUT U3 AeTalbHOro 0030pa ucciaenoanuii ZnO, TONMPOBaHHOTO Menblo. [lepBast 4acTh cTaTbU COCTOUT U3
ITyOoKoTo0 H3y4deHus cBoicTB ZnO u 11enecooO0pa3HOCTH 0N POBaHMS Mebio CTPYKTYp ¢ ZnO. biarogapst mupoxomy pazHooOpasnio
METOJIOB CHHTE3a BTOpasl 4acTh COCTOHMT M3 HCCIENOBAHMII METOIOB IPOM3BOJICTBA TAaKUX CTPYKTYp. LleHTpanbHas gacTh cTaTbu
COOTHOCHTCS C HCCIIEZIOBAaHMSIMU CTPYKTYPHOH ¥ ONTHYeCKOH Xapakrepu3anun ZnO, gomupoBanHbX Cu; TaKnM 00pa3oM, 0CHOBHAs
9acTh ATOTO JOKyMEHTa pa3felneHa Ha TpH paszaena. I KpUCTaUTNYecKOH CTPYKTYpPHI MOIyYeH aHAIN3 00pa3lioB PEHTI€HOTPAaMMBI,
KOTOpBIH maeT mH(popManuio o cyddazax, KOTopsle MOTyT 00pa3oBaThCsl B pe3yibTare JomupoBanus. KpoMe Toro, norionieHne B
yIbTPaUOIETOBOM M BUANMOM JIHANa30HaX MO3BOJIIET MOHATH 30HHYIO CTPYKTYpY HOBOro Marepuana. HakoHen, KOpOTKHil paszern

0 (hoTOMOMHHECIHEHINY 00palaeT BHUMAaHNE Ha IOTEHINAIbHBIE BO3MOKHOCTH HCIIOIb30BAHMS B CBETONOIAX.
KnrodeBble c10Ba: KpucTaIHYeCKas CTPYKTypa, JISTHPOBaHUE, (POTOTFOMUHECIICHIIS.

1. Introduction

ZnO is a widely researched material for multiple
applications. It is an 11-VI compound semiconductor,
which due to its native defects, exhibits n-type
conductivity. Material has a wide bandgap equal to 3.37 eV
and large exciton binding energy (60 meV). Good
transparency over a wide range of wavelengths makes it an
attractive material for flexible, transparent electronics.
ZnO has high electron mobility, exhibits strong
photoluminescence at room temperature, and is chemically
and thermally stable. The lack of rare earth elements and
toxic environmental pollutants makes it an inexpensive and
easily disposable material [1]. On top of that, ZnO has
piezoelectric properties due to the hexagonal wurtzite
structure [2].

Applications of zinc oxide include photocatalysis, solar
cells, UV protectors, and gas sensing devices. Moreover,
the semiconductor is also considered a potential material
candidate for piezoelectric devices [2-3]. ZnO can be found
in surface acoustic wave devices, varistors, planar optical
waveguides, and ultraviolet photodetectors [3]. Zinc oxide
nanoparticles have good biocompatibility to human cells
and have been used in the treatment of cancer [1]. From all
of the above, gas sensing is incredibly widely researched.
ZnO is an n-type semiconductor and, as such, can be used
in MOS devices. ZnO can be used as CO [3-5], ethanol [6],
and acetone vapor sensor [7].

Doping with transition metals can enhance zinc oxide’s
physical, chemical, and optical properties. Copper sparks
interest as a ZnO dopant due to its high electric
conductivity and similar ionic radii [2]. The Cu-doped ZnO
exhibits half-metallic ferromagnetism [8]. Cu has been
known to cause ZnO emission in the light-blue range when
used as a dopant. Cu doping can change the conductivity
and visible luminescence in connection with Cu [9].

This paper is an overview of the influence of copper
doping on zinc oxide. We undertook this study to bring
experimental results from researchers and compare their
findings with each other and first-principle calculations

[4].

2. Synthesis

Ha pmc. | HaBeneHi YacTOTHI 3aJIe)KHOCTI MiHCHOI
CKJIJIOBOT KOMILIEKCHOTO nuToMoro imnenauncy (ReZ(w)),
BUMIpsiHI B HaIlpsMKy Kpucraiorpadiuaoi oci C 5-
kpatHoro posumpenoro Cu doped ZnO can be obtained in
a variety of methods. Due to the ease of synthesis, one of
the most often chosen synthesis methods is the sol-gel
process. The technique allows elaborating a solid material
from a solution using a sol or a gel as an intermediate step
and at much lower temperatures than traditional
preparation methods. The synthesis of solid materials with
a sol-gel way often involves wet chemistry reactions and
sol-gel chemistry based on the transformation of molecular
precursors into an oxide network by hydrolysis and
condensation reactions [10]. Due to its advantages, the
method was used for the synthesis of Cu-doped ZnO
powders [11], thin solid [12], and nanocrystalline [13]
films, as well as nanoparticles [7, 14, 15].

Another inexpensive method is the chemical co-
precipitation method. Co-precipitation is a phenomenon in
which the fractional precipitation of an ion in a solution
results in the precipitation of other ions in the solution [16].
In addition, it does not require a high process temperature
and is environmentally friendly [2]. This method was used
in the synthesis of Cu-doped ZnO nanoparticles [ 1-3, 16].

Another approach to obtaining doped zinc oxide thin
films is the spray pyrolysis technique [5, 6]. In this method
of thin-film preparation solution is sprayed on a heated
surface, where the constituents react to form a chemical
compound.
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In many studies, synthesis of Cu-doped ZnO required
vacuum. There are reports of thin films deposited by co-
sputtering using ZnO and Cu targets [4], pulsed laser
deposition [17] and electron beam techniques [17].

3. Crystal structure

Under normal conditions, non-doped ZnO crystallizes
in the wurtzite structure with a hexagonal cell; the space
symmetry group is (P63mc). Each zinc atom is surrounded
by four oxygen atoms located at the corners of a nearly
regular tetrahedron [18]. Wurtzite zinc oxide has a
hexagonal structure (space group C6mc) with lattice
parameters a = 0.3296 and ¢ = 0.52065 nm [19]. The
tetrahedral coordination in ZnO results in non-central
symmetric structure and consequently piezoelectricity and
pyroelectricity. Another important characteristic of ZnO is
polar surfaces - the oppositely charged ions produce
positively charged Zn-(0001) and negatively charged O-
(0001) surfaces, resulting in a normal dipole moment and
spontaneous polarization along the c-axis [19]. Many
particular features of ZnO are determined by the fact that
among the elements of the sixth group, the ionization
energy of oxygen is the highest, which leads to a strong
interaction between the Zn3d and O2p orbitals [18].

For the influence of Cu doping on ZnO structure, XRD
is one of the most used techniques. The crystalline nature
of Cu doped ZnO is identical to pure ZnO, even in cases of
significant doping in [4], where the atomic ratio of Cu/Zn
was as high as 0.38. The peaks can be found around 31.78°,
34.43°, 36.25°, 47.57°, 56.63° and 62.89° which
correspond to the Miller Indices (100),(002),(101), (1
02),(110)and (10 3)[2]. Usually [1-3, 7, 14, 16], the
most prominent is the (1 0 1) plane except for study [4],
where the thin film had a dominant (002) peak. There are
no clear humps that can be unambiguously identified as
copper or copper oxides in all cases. It can be concluded
that copper is being incorporated into the zinc lattice site
rather than at the interstitial position. It is possible and
predictable because Cu has similar ionic radii to Zn.

Lattice parameters are stable and equal to about 3.25 A
for a and b constants and 5.20 A for ¢ constants [1, 2, 20].
Furthermore, [1] explains that the little change in a and ¢
constants does not change the a/c ratio significantly, which
stays at 1.60 A. What does change is the crystalline size in
studies on nanoparticles. In [1], crystalline is getting bigger
with the increasing content of copper. After further
reading, in [2], the grain size is getting minor upon doping
under 5% Cu, similar to [16]. Copper concentration above
5% caused the grain size to increase again. These three
studies obtained their samples through the chemical co-
precipitation method, the only difference being used
chemicals.

4. UV-Vis absorption

Researchers agree that Cu doping decreases the optical
energy bandgap [1, 2, 20]. Change towards lower energy is
to be expected when considering the Cu bulk material band
gap equal to 1.4 eV [21]. There can be exceptions to this,
for example, being [21] work, where the bandgap increases
significantly in Cu doped nanocrystals. The author
underlines that this change is anomalous and links it to
second-order perturbation theory, which may be more
prominent in nanocrystals. On the other hand, it confirms
the uniform substitution of Cu ions in the ZnO lattice, as
explained in works of [22]. First-principle calculations
show that the energy gap can be decreased as much as
0.15eV by just 6% doping [20]. In the experiment, the
most prominent example is [2]’s work, where the bandgap
dropped to 2.94eV with 7% wt doping. In comparison, the
bandgap in [1]’s study has only decreased to 3.28 eV at
10% doping which shows that lowering the bandgap is not
trivial. As mentioned earlier, the crystalline structure is
almost identical to that of ZnO. Drop-in bandgap originates
not from the structure but many effects taking place like
the p-d spin-exchange interactions between the band
electrons and the localized d electrons of the transition-
metal ion substituting the Cu2+ ion., strong p—d mixing of
O and Cu, and many-body effects on the conduction and
valence bands. Many-body effects shrink the bandgap,
which originates from electron interaction and impurity
scattering; It has been attributed to the merging of an
impurity band into the conduction band and, in the process
shrinking the bandgap [2].

5. Photoluminescence
The effects of Cu doping can be seen in PL spectra.
Zn0O has one peak in the UV region and one in the visible
region. Cu doping results in increasing PL intensity of
visible region peaks and decreasing UV region peaks
simultaneously. An increase in visible region intensity can
be linked to defects such as oxygen and zinc vacancies
being more prominent in higher doped ZnO [2].
Characteristic green band emission has been reported in
numerous articles like [2] and [17]. The latter work is
exciting due to the phenomena of green or blue-emitting
Cu-doped ZnO depending on the method of fabrication and
temperature of annealing. Furthermore, a redshift of
spectra has been observed. It is in agreement with previous
findings of change in electronic structure; impurity states

are created below the conduction band [2].

6. Conclusions
Copper doping enhances ZnO properties. It is the most
prominent in PL studies, where copper doping increases
light emitted in the visible spectrum. Cu-doped ZnO is a
promising material for cost-effective blue, green, and white
LED [17].

BicHuk XHY imeHi B.H. KapasiHa, cepia «®isukar, sun. 34, 2021 45



The influence of copper on zinc oxide properties — a review

There is a considerable amount of studies being done
on improving gas-sensing properties of ZnO by Cu doping.
It has been shown that Cu adsorption is promoted at the Cu
sites [4]. Furthermore, copper doping allows zinc oxide to
detect ethanol vapors [6], H2, and LPG [3]. UV light
illumination on samples caused the detection of acetone
and ethanol at room temperature [7]. Studies
experimenting with the percentage of doping material and
fabrication of samples show that there is much potential in
the gas-sensing capabilities of this material.

It is worth mentioning that Cu doping allows keeping
the well-known hexagonal wurtzite structure of zinc oxide
and at the same time make the material more resistant to
high temperatures [ 1] and lowers its bandgap [1, 2, 20].
First-principle calculations show that introducing copper
into the ZnO structure may lead to p-doping [20]. Thus the
investigation of the ZnO doped with copper may help
create ZnO-based junctions.

This work was supported by the Ministry of Science
and Higher Education of the Republic of Poland, grant no.
0511/SBAD/0018
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