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ABSTRACT

Li-doped ZnO thin films prepared by sol-gel spin coating method, have been studied in this research to increase
the p-type ZnO layers conduc-tivity. For this purpose, the lithium dopant concentration was changed and structural,
electrical, and optical properties of the layers were in-vestigated. Structural investigations showed that the single
phase layers with wurtzite hexagonal structure and 40-50 nm average grain size were formed. For obtaining p-type
layers and enhancing their electrical conductivity, there was an optimum in moderate doping concentra-tions (in
0.4 Li/Zn ratio in sol). Furthermore, regarding the optical properties, it was concluded that the band gap energy is
sensitive to Li con-centration and changes from 3.27 eV in pure layer to 3.16 eV in heavy Li doped layer. Besides, the
refractive index of ZnO layer decreased with Li doping. This can be due to moth eye effect. Finally, a novel mechanism
was developed by DFT which is in accordance with electrical and optical observations. These calculations propose
the activation of a self-compensation mechanism by Li doping which can be responsible for the decrease of the
conductivity at high Li concentrations. In the proposed mechanism, Zni donor defect sites, accompanying LiZn sites,
cause self-compensation.
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1. Introduction Zinc oxide (ZnO) optoelectronic applications

Zinc oxide, with direct optical band gap of
3.25 eV at room temperature and high exci-
ton energy (60 meV at room temperature), is
a good choice for using in electronics and op-
toelectronics applications [1-3] including pho-
todetectors [4, 5], thin film transistors [6, 7],
piezoelectric nano generators [8, 9], gas-sen-
sors [10, 11], bio-sensors [12], and particularly
UV-blue light emitting devices [13].

were considered since the first GaN (Gallium
Nitride)/ InGaN based Light Emitting Diode
(LED) was made in 90s. ZnO has approximate-
ly same band gap as GaN but with more ben-
efits including higher exciton energy (60 meV
vs. 24 meV for GaN), possibility of band gap
engineering (from 3 to 4.5 eV), possibility of
coating on different substrates, lower anneal-
ing temperature (500 °C vs. more than 1000 °C
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for GaN), easy processing, higher resistance to
radiation, lower cost, and non-toxicity [14].
Usually undoped ZnO shows n-type conduc-
tivity. The native defects like vacancy of oxy-
gen (V) and interstitial zinc (Zn) are mostly
known responsible for this phenomenon; be-
sides, the site which a dopant occupies in lat-
tice is important and by its changing an accep-
tor dopant can become a donor [1]. For these
reasons, making p-type ZnO is challenging.
The full potential of ZnO as a semiconductor
cannot be achieved before preparing stable
p-type with suitable conductivity due to low
effectiveness of p-n junction and bipolar de-
vices [15]. The researches on this field is still
ongoing [15, 16]. Different elements from
group V and I have been used as acceptor
dopant by either mono-doping or co-doping
[1, 17]. According to these researches, group
V elements except N, tend to form A, -2V
(A= P, As, Sb) complexes rather than sitting
in O sites and form shallow acceptor levels.
Element N also makes N -V, complexes for
providing shallow acceptor levels. However,
these complexes are highly sensitive to growth
and post-growth treatments. For this reason, a
part of researches focused on co-doping tech-
niques. But co-doping has some disadvantages
too, including more defects formation which
cause more scattering. This makes necessarily
using expensive and complicated methods like
MBE, which are more powerful in producing
low defect layers. Besides, the study and design
of these layers are too complicated. Therefore,
co-doped layers have still problem in achiev-
ing stable p-type [17].

Group I elements are another choice, particu-
larly for their shallower acceptor levels rather
than group V elements. Among them, Li have
theoretically the shallowest acceptor level [1,
18-20]. However, group I elements, have its
own challenges due to their action as donor in
interstitial sites[14].

According to the above discussions, lithium
from group I, showing shallowest acceptor lev-
els during substitution in Zn site (Li, ), was se-
lected in this research as a p-type dopant while
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only few theoretical works has been reported
on it so far [18, 19].

Li p-type doping is difficult because of
self-compensation effects. This effect will be
happened due to either Li in interstitial sites
(Li) or intrinsic donor defects, including Zinc
anti-site (Zn,), Oxygen vacancy (V) and
Zinc interstitial (Zn ). However, among these
defects, the Zn defect has a high formation
energy and does not expected to be present-
ed significantly in the lattice [1]. As a result of
self-compensation, despite two decades of the-
oretical and experimental works on Li doping,
this doping system, like other acceptor doping
systems, still have been unable to yield an ef-
tective conductive p-type ZnO widely applica-
ble in optoelectronics and this field is still an
open issue [21, 22].

For preparation of ZnO thin film, diverse
methods have been used. Sputtering [23-25],
CVD [26, 27], and PLD [28-30] are more con-
venient especially for coating p-type layers.
Wet chemical methods including sol-gel [31,
32], spray pyrolysis [33, 34], and co-precipita-
tion [35, 36] are also used for synthesis of ZnO
nanostructures; however, they are less conve-
nient for p-type layers.

In this work, we used sol-gel spin coating which
is a very simple and low-cost method for pre-
paring ZnO thin films. The major goal of this
work was to obtain the conductive p-type ZnO
layer by optimizing the lithium doping. Fur-
thermore, the investigation of optical prop-
erties is necessary for the recognition of the
layers’ performance in optoelectronic applica-
tions. For further study of the proposed mech-
anism for the electrical and optical properties,
Li-doped ZnO structures were studied by DFT
calculations. According to our knowledge, the
mechanism for self-compensation proposed in
this work was not reported elsewhere.
Therefore, using a simple method for the pro-
duction of Li-doped p-type layer with accept-
able conductivity as well as proposing a novel
mechanism for the self-compensation effect
are the major differences between this work
and the others.
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2. Experimental procedure

8 g Zinc acetate dehydrate (ZAD, Fluka,
99.0%) as precursor, 8 ml monoethanol amine
(MEA, Merck, = 99.5%) as sol stabilizer, 92
ml ethanol (Merck,> 99.9%) as solvent were
mixed for preparing 100 ml of 0.35 M sol with
MEA/ZAD molar ratio of 4. Lithium nitride
(Merck, 99.995%) was also used in different
concentrations as precursor for Li doping.
The above contents were stirred for 1 hr at 60-
70 °C with speed of 140-180 rpm by a hot plate
using a reflux system until a yellowish trans-
parent sol appeared. This sol aged for 1 day be-
fore being used.

For preparing thin film, sol were dropped onto
glass or silicon substrates (silicon substrates
were used for only electrical properties tests).
Then substrate was spun for 30 s with 3000
rpm speed by spin coater. After each spin coat-
ing stage, for layer stabilization, the specimen
pre-annealed at 350 °C for 6 min. This cycle
was repeated four times. Finally, the layer an-
nealed in a tube furnace for 1 hr at 500 °C.
The samples were characterized by X-Ray Dif-
fraction (Philips X-Ray Diffractometer using
the Cu Ka radiations, located in School of Met-
allurgy and Materials, University of Tehran)
and Field Emission Scanning Electron Micro-
scope (HITACHI S4160, located in School of
Electrical and Computer Engineering, Uni-
versity of Tehran) and the average grain size,
average particle size, preferential direction and
surface topography were studied. The electri-
cal parameters including type of majority car-
riers and conductivity were measured by four
point probe surface resistance measurement
tool equipped with rectifying method exten-
sion (Sherescan, located in School of Electri-
cal and Computer Engineering, University of
Tehran). The rectifying method extension is
used for determining semiconductor type. In
this method, three of four probes are used. Be-
tween first and second probes, an AC current
is injected and the resulting DC component
of voltage, between second and third probes,
is measured. The semiconductor type is deter-

>
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mined by the polarity of DC component based
on rectifying properties of metal-semiconduc-
tor contact. Finally, the optical properties were
investigated by transmission Ultra Violet-Vis-
ible spectroscopy (equipment located in Na-
noscience and Technology Research Center,
University of Tehran) and reflection Ultra Vi-
olet-Visible spectroscopy (equipment located
in Institute for Nanoscience and Nanotech-
nology, Sharif University of Technology) and
photoluminescence spectroscopy (equipment
located in Nanoscience and Technology Re-
search Center, University of Tehran). Optical
band gap and Urbach energy were calculated
from the optical results.

For evaluating the proposed mechanism for
some observations, Density Function Theory
(DFT) calculations and analyses were used.
For more details see Supplementary.

3. Results and discussion

The layers coated on glass substrate with difter-
ent Li/Zn atomic ratios in sol (0, 0.2, 0.4, and
0.6) were prepared. It should be considered
that there is different amount of Li in films. Li/
Zn ratio in layers is one order of magnitude
lower than this ratio in sol (See Supplementa-
ry).

The layers were investigated by XRD, as shown
in Fig. 1 which indicates Wurtzite hexagonal
structure (Reference code: 00-001-1136) for
all of the films; besides, it can be conclud-
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Fig. 1- XRD spectra of the layers with different Li/Zn atomic
ratios in sol.
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ed that all of the thin films are highly (002)
(c-axis) oriented. The preferential orientation
decreased by increasing Li content. This can
be due to using lithium nitride which burns
during annealing and destructs the structure.
The grain size of the specimens have been cal-
culated by Scherrer equation, as shown in table
1. It can be seen that the grain size variation is
negligible.

FESEM images of two samples with Li/Zn ratio
of 0 and 0.4 are shown in Fig. 2. As can be seen,
the surface of Li free specimen is smooth but
the doped one has a rough surface. It can be
seen that a wrinkle network has been formed
on the surface of layer by Li-doping. This phe-
nomenon was previously reported by doping
of another IA group element, Na [37]. Fig. 3
shows the cross section of the layer with Li/Zn
atomic ratio of 0.4. The thickness of this layer

is determined 260 nm.

The electrical conductivity and type were
characterized for the different layers which
are shown in table 1. The pure ZnO is n-type
because of the presence of defects like V and
Zn; however, by increasing lithium the effect
of these defects were compensated and finally
the samples with more than 0.3 Li/Zn atomic
ratio became p-type and the layer with 0.4 Li/
Zn atomic ratio is the most conductive one.
The 0.4 Li/Zn ratio specimens conductivity
and type measured for 30 days. This specimen
showed stable electrical properties during this
period.

In p-type samples, by increasing lithium per-
centage, firstly there is an increase in conduc-
tivity and then it changes into a decrease. The
reason of the former can be the increasing of
holes density by increasing Li acceptor dop-

Table 1- The average grain size, resistance and majorities' carrier type of the layers with different Li/Zn atomic ratio in sol

. L. Resistance
Li/Zn Average grain size (nm) (u€2.cm) Type
0 47 549 n
0.2 44 575 i
0.3 - 572 p
0.4 42 551 p
0.6 47 572 p

Fig. 2- FESEM images from the surface of the samples with Li/Zn ratios of a,c) 0 and b,d) 0.4.
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ants density. On the other hand, in heavier
doping, the distortion of lattice can be respon-
sible for the decrease of conductivity. In fact by
adding Li into lattice, especially by using a ni-
tride precursor, increase of defects and lattice
distortion is expected which is in accordance
with XRD results as well. Besides, from anoth-
er point of view, according to DFT calculations
(see supplementary), it was proved that Li ef-
fects on defects’ formation energy. It has been
specifically shown by these calculations that
the presence of Li, decreases the Zn_formation
energy which is a donor. Therefore, another
possible mechanism for decreasing resistivity
can be increasing of donor defects’ concentra-
tion because of lowered formation energies in
presence of acceptor Li dopant. This phenom-
enon is called self-compensation. Especially
in higher concentrations, it is expected that

Fig. 3- FESEM cross section of the layer with 0.4 Li/Zn atomic
ratio.
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Fig. 4- The UV-Visible spectroscopy of the layers with different
atomic Li/Zn ratios and substrate. The Tauc plots of the
specimens are shown in the inset (top right).

this effect strengthened because there are not
enough V__sites in the lattice to be occupied
by Li.

Fig. 4 shows the UV-Visible spectroscopy re-
sults of the specimens and uncoated glass
substrate (Fig. 4). By comparison of uncoated
glass spectrum and other specimens’ spectra,
it can be concluded that the first sharp increase
in transmittance of the samples is the substrate
effect.

The average transmittance of visible light (400-
700 nm) for these layers are shown in Fig. 5. By
increasing the lithium content, the transmit-
tance decreased, which can be attributed to the
scattering of light created by increasing lattice
defects due to increasing doping [38]. Besides,
the more rapid decrease of transmittance from
0.4 Li/Zn ratio (p-type samples) could be also
assigned to the light absorption by the holes.
The bandgaps of the samples are determined
from the UV-Visible results by Tauc method
[39, 40]. The Tauc plots are shown in Fig. 4 and
the measured values are shown in Fig. 6. The
layer with 0.2 Li/ Zn ratio has a lower band-
gap than 0 and 0.4 ratios. This can be due to
the lack of Burstein-Moss effect in this spec-
imen which is intrinsic [39]. Besides, there is
a decreasing trend for bandgap in p-type lay-
ers which is consistent with band gap narrow-
ing (BGN) effect happens by heavy doping in
which the acceptor states degenerate and con-
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Fig. 5- The average transmittance vs. Li/Zn atomic ratio in sol.
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sequently the new band joins to the valance
band and reduce the bandgap [41].

From the UV-Visible results, Urbach energy of
the samples could also be obtained [40] which
are shown with bandgaps in table 2 (for Ur-
bach plots see Fig. S11 in Supplementary).
The increase of Urbach energy with the in-
creasing of dopants in p-type samples shows
the increase of local states and subsequently
increase of the defects, which confirms the
decreasing transmittance (Fig. 5) previous-
ly attributed to. Besides, it is in accordance
with XRD analyses which shows destruction
in crystal quality by doping. As discussed
previously, in accordance with these results,
DFT predicts a self-compensation mechanism
which can facilitate formation of some defects,
especially at high concentrations.

The pure ZnO layer and the layer with the best
electrical conductivity (0.4 ratio) were charac-
terized by photoluminescence spectroscopy.
The results are shown in Fig. 7 which demon-
strates a broad peak which represents band gap
and near band emissions related to the defects
including Zn_ and Li, [1]. PL emission have

more intensities for the doped layer which can
be due to highest defects in doped layer which
is consistent with the increase of Urbach ener-
gy. Two of the most expected defects after dop-
ing are Li, and Zn. The formation energies
for Li, and Zn, have been calculated by DFT
(see supplementary). The formation energies
for Zn and Li, are 3.2 and 1.8 eV respective-
ly; however, the formation energy of the both
in the lattice is 0.9 eV. Therefore, the presence
of Li, acceptor sites make Zn, donor defects
more preferable. This cause a self-compensa-
tion effect which have destructive impact on
the efficiency of acceptor dopant and lowers
the electrical conductivity, and can explain
some of the optical and electrical behaviors
discussed before.

In addition to the transmission UV-Visible
spectroscopy, these layers (0 and 0.4 Li/Zn ra-
tio) were examined by the reflection UV-Visi-
ble spectroscopy. The n-A (refractive index vs.
light wavelength) plots of this test are shown
in Fig. 8. The figure shows that the refractive
index decreased by adding lithium to the lat-
tice. This can be due to the increasing surface

Table 2- The band gap and Urbach energy of the layers with different Li/Zn atomic ratios in sol.

Li/Zn Band gap (eV) Urbach energy (meV)
0 3.27 76
0.2 3.25 150
0.4 3.26 126
0.6 3.17 510
0.8 3.16 914

Band gap (eV)

0 0.2 0.4 0.6 0.8

Li/Zn (molar ratio)

Fig. 6- Band gap vs. Li/Zn atomic ratio in sol.
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Fig. 7- The PL spectra of layers with 0 and 0.4 Li/Zn atomic
ratios.
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roughness, according to moth eye effect [42,
43], which is consistent with Fig. 2b. The moth
eye effect happens when the surface have lat-
eral dimension smaller than the light’s wave-
length. This type of surface reduce the reflec-
tion due to making a refractive index gradient
between air and thin film (see Fig. 9) [42, 43].
This low refractive index could also be de-
sirable in many optoelectronics applications
while usually the semiconductors have a large
refractive index which causes a high waste of
light.

= Li/Zn=0

Li/Zn=0.4

refractive index
~

-

0 200 400 600
A (nm)

Fig. 8- The average transmittance vs. Li/Zn atomic ratio in sol.
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Fig. 9- The comparison between refractive index of a smooth
surface and a surface with submicronic bumps.
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4. Conclusions

In this research, Li-doped ZnO thin films were
prepared by sol-gel spin coating method. All
of the layers had Wurtzite hexagonal struc-
ture with 40-50 nm average grain size and
c-axis preferential direction. The Li-doping
made the layers p-type successfully. The best
conductivity of p-type layers was achieved in a
moderate Li concentration. The investigations
show that the p-type layer is stable for at least
30 days. The results also showed the sensitivi-
ty of ZnO layer band gap to Li concentration
which makes Li a candidate for band gap engi-
neering. Besides, Li doping caused a decrease
in refractive index. This could be due to moth
eye effect because the doping made the layer’s
surface uneven. The lower refractive index is
desirable in optoelectronics applications. The
PL emission’s intensity increases by Li doping
which can be desired in optoelectronic appli-
cations. By DFT calculations, a self-compen-
sation effect by Zn, defects has been predicted
which can be the responsible mechanism for
the decrease of conductivity in high Li doping
and the increase of PL emissions intensity in

Li-doped layer.
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A) Li/Zn ratio in specimens

Powder specimens were prepared from solutions
too. For this purpose, the solution (sol) was stirred
under same condition but without reflux. The sol
changed into a gel. The gel was annealed in same
condition as layers in furnace. The Li containing gel
burned with a red flame which is same as Li flame
color. The powders’ content were examined by In-
ductively Coupled Plasma (ICP) method. The re-
sult is represented in Table S1 and Fig. S1. The ratio
of Li/Zn in specimens have a same trend with sols;
however, the ratio reduced by one order of magni-
tude. This can be rooted in the low melting tem-
perature of Li which provides a high vapor pressure
during annealing.

B) DFT calcutions

A unit cell of Zn*" and O* ions with a=b=3.249 ,
¢=5.2042 and a=p=90°, y=120° was produced by
materials studio software. A 2x2x2 (32 atom) su-
perlattice of ZnO was produced subsequently (Fig.
§2). In this lattice, Hubbard energies of U , =7 eV

42. A. Gombert and B. Bldsi, “The moth-eye effect—From fun-
damentals to commercial exploitation,” in Functional properties
of bio-inspired surfaces: characterization and technological ap-
plications, ed: World Scientific, 2009, pp. 79-102.

43. M. Fox, “Optical properties of solids. Oxford master series
in condensed matter physics,” Oxf. Univ. Press NY, p. 305, 2001.

and U,, =12 eV was set. Adding a dopant atom
in this lattice makes a Li/Zn ratio of 0.03 which is
comparable to this ratio in specimens (Zn, defect
was added with the same ratio to the superlattice.).
These lattices were firstly geometrically optimized,
then energy states were calculated by CASTEP with
GGA-PBE function. In these calculations, 489.8 eV
cutoff energy was set. Besides, 4x4x2 and 2x2x1
k-point grids were used for geometry optimization
and energy states calculations respectively.

The formation energies of different defects were
evaluated by the S1 formula and listed in table S2.
Ef= E; - Ei + Eremoved — Eadded (Sl)
InwhichE,E,E,E__ . andE_,  arerespectively
formation energy of the specie (defect or dopant),
energy of the lattice after adding specie, energy of
the lattice before adding specie (pure ZnO), energy
of the removed species and the energy of the added
species.

These results show that the presence of Li, lowers

Table S1- The Li/Zn ratio in specimens prepared by sols with different ratio of Li/Zn

Li/Zn ration in sol Li/Zn ration in powder
0.2 0.019
0.4 0.045
0.6 0.057
0.06
o )
y = 0.0985x + 0.0007
. R?=0.9826
2 0.04
<3
=
=
N
= .
- I
0.02 'y
0 e
0 0.2 0.4 0.6
Li/Zn in sol

Fig. S1- The Li/Zn ratio in specimens prepared by sols with different ratio of Li/Zn.
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the formation energy of Zn.. This is a self-compen-
sation mechanism which have destructive impact
on the efficiency of acceptor dopant and lowers the
electrical conductivity.

According to calculations band gap increases by
Li doping but decreases by Zn, (Table S2). It can
be seen that the effect of Zn, is predominant. What
studied here was the effect of just two defects on the
band gap; however, the real lattice deals with more

defects and phenomena.

Besides, Density of state and Band structure dia-
grams show that Li, p orbital makes a state near
Valance Band. Therefore, Li in Zn position acts as
an acceptor. Zn, s orbital makes a state near con-
duction band. In fact a state of ZnO conduction
band separates to lower energies. Therefore, Zn, ‘s
role as a donor is confirmed here (Figs. S3-S10).

Table S2- The formation energy of different species in 2x2x2 lattice

Specie Formation energy (eV) Eg (eV)
- (Pure ZnO) - 3.37
Lizn 1.8 3.46
Zn; 3.2 2.74
Zni + Lizn 0.9 2.60

Fig. S2- The Li/Zn ratio in specimens prepared by sols with different ratio of Li/Zn.
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Fig. S8- The PDOS diagrams of Li in ZnO:Li, +Zn.
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Fig. S9-The PDOS diagrams of Zn, in ZnO:Li, +Zn..
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