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Effects of S on solid solubility of Ag and electrical properties of Ag-doped ZnO films are investigated by
experimental and first-principles studies. It is found that S alloying in ZnO can increase solid solubility
of Ag substituting for Zn (Agz,) due to that Ag binds more easily with S than O, leading to that Ag-S cod-
oped ZnO films gradually transform from n- to p-type conductivity with increasing S content. The low-
temperature photoluminescence measurement and first-principles calculation indicate that there are

Ié”(’)""glrds" two kinds of Agz, and Agz,—nSo acceptors in the p-type Ag-S codoped ZnO and the Agz,—nSo acceptor
An ms has lower formation energy and acceptor transition energy than Agz, The p-type conduction of the
Sg Ag-S codoped ZnO comes dominantly from contribution of the Agz,-nSo acceptor.
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1. Introduction

Zinc oxide (ZnO) exhibits attractive properties such as a direct
wide band gap of 3.37 eV and a high excitonic binding energy of
60 meV at room temperature that can be exploited in a number
of applications of semiconductor and optoelectronic devices [1,2].
However, the realization of any practically useful device has been
limited by the lack of stable, reproducible p-type ZnO. Based on
simple valence electron arguments, a great deal of effort has been
devoted to fabricate p-type ZnO by doping group I (Li [3] and Na
[4]) and V elements (N [5], P [6], As [7] and Sb [8]), but it is proven
that it is difficult to achieve p-type doping by these elements, and
the obstacle is usually recognized as caused by the following prob-
lems: low acceptor solubility, high ionization energy of the accep-
tors, and various self-compensating complexes. For instance, Li,
with small ionic radius, tends to occupy the interstitial site (de-
noted as Li;) rather than substitutional site (denoted as Liz,) in
ZnO lattice. Although Liz, is a shallow acceptor, Li exists mainly
in the form of Li; and acts as donor in ZnO [9,10], resulting in com-
pensation of Li; for Liz, and n-type conduction or electric insulation
of the Li-doped ZnO. Among the group V elements, N is controver-
sially accepted as the most likely candidate for p-type doping in
ZnO due to similarities in radii and electronic structure of N and
O [11]. However, since thermodynamic solubility of N in ZnO is
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zero and N acceptor level is deep [12] as well as self-compensating
caused by (N3)o [13], the N-doped ZnO with stable p-type conduc-
tivity is usually prepared difficultly, and it often transforms into
n-type conductivity after several days. Obviously, if we want to
realize p-type doping in ZnO, it is necessary to resolve successfully
the problems above.

The drive for ZnO based optoelectronic devices gives rise to in-
tense focus on group-IB elements. Recently, Yan et al. [14] pre-
sented that the formation energies of group-IB (Ag, Cu, and Au)
elements at the substitutional site are much lower than those at
the interstitial sites, which can reduce the formation of interstitial
donors and alleviate the self-compensation issue. However, they
also suggested that the ionization energy of IB group element is
usually quite large, for example, the ionization energy of Ag%;
acceptor is about 0.4 eV, which is too large to realize p-type con-
duction of Ag-doped ZnO. Recently, Persson et al. [15] revealed that
the substitution of sulfur anion at oxygen sites in ZnO creates elec-
tronic state in the forbidden gap and shows strong valence band
offset bowing due to overlapping of Zn-S like bonds on ZnO. The
strong VB-offset bowing can be utilized to reduce the acceptor le-
vel, such as Ag;,f acceptor, furthermore, it is well known that melt-
ing point of Ag,S (825 °C) [16] is higher than that of Ag,0 (280 °C)
[17], suggesting that Ag,S is more stable than Ag,0 under anneal-
ing, that is, S alloying in ZnO may increase the solid solubility of Ag.
In our previous work, the stable Cu-S codoping p-type ZnO with a
hole concentration of ~10'® has been obtained [18], demonstrating
that S alloying in ZnO may be helpful to overcome the low solid
solubility and high acceptor ionization energy of Agz, in ZnO.
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In the present work, the Ag-S codoped ZnO films were prepared
on quartz substrates by radio frequency (RF) magnetron sputter-
ing. The S contents in ZnO were tuned by means of changing sub-
strate temperature. Effects of S on solid solubility of Ag and
electrical properties of Ag-doped ZnO films were investigated by
combining experiment with first-principles calculation.

2. Experimental details

The Ag-S codoped ZnO thin films were grown on quartz substrates by radio fre-
quency (RF) magnetron sputtering. For obtaining ZnO:(Ag, S) films, the ZnS thin wa-
fers with Ag wires on their surface were putted on the ZnO ceramic target. The
device structure is simply schematically shown in Fig. 1. Before deposition, the vac-
uum chamber was evacuated to a base pressure of 5 x 10~ Pa and then filled with
mixture of Ar (38 SCCM) and O, (2 SCCM) to 1.0 Pa, which is kept during depositing
process. The ZnO:(Ag, S) films were deposited at 200, 350 and 500 °C, denoted as
samples A, B and C, respectively. For comparison, an undoped ZnO film (denoted
as sample D) was fabricated at 500 °C by using a high purity ZnO target. All as-
grown films show high resistivity, for improving the electrical properties, they were
annealed at 600 °C under 3 x 103 Pa for 15 min. The structures of the films were
characterized by X-ray diffraction (XRD) with Cu K, radiation (4 =0.15406 nm).
The electrical properties were measured with the van der Pauw configuration by
a Hall Effect measurement system (Lakershore HMS 7707) at room temperature.
The composition of the films was detected by using energy dispersive X-ray spec-
troscopy (EDS). The low-temperature photoluminescence (PL) measurement were
performed by using the UV Labran Infinity Spectrophotometer with He-Cd laser line
of 325 nm as an excitation source.

3. Results and discussion

Fig. 2 shows the XRD patterns of the undoped and Ag-S cod-
oped ZnO films annealed at 600 °C. The (002) diffraction peak of
the annealed undoped ZnO (sample D) locates at 34.43°. The c-axis
lattice constant of the annealed ZnO is calculated to be 0.5205 nm,
which is very close to 0.5209 nm of bulk ZnO. For the sample A,
only XRD peaks of wurtzite ZnO are observed, which are corre-
sponding to the (002), (103) and (004) diffractions, respectively.
However, an additional peak located at 38.06° (marked as W) is ob-
served in both sample B and C besides the XRD peaks of the wurtz-
ite ZnO, which is ascribed to diffraction of (11 1) plane of metal Ag,
implying that some Ag doped in ZnO precipitate from ZnO in a
form of metal Ag. It is noted that the (002) diffraction peak of
the sample A locates at 34.39°, which is smaller than 34.43° of
the undoped ZnO. The smaller diffraction angle of the sample A
originates from the Ag and S doping because ionic radius of Ag'*
and S?~ is larger than that of Zn?>* and 0%, respectively. This sug-
gests that Ag and S may substitute Zn and O sites in sample A.
However, the (002) peak positions of the annealed sample B and
C locate at 34.44° and 34.45°, respectively, which are almost the
same as 34.43° of the annealed undoped ZnO, implying that con-
tents of Ag and S substituting Zn and O are a little in the sample
B and C.
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Fig. 1. Schematic diagram of the sputtered targets.
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Fig. 2. XRD patterns of the annealed Ag-S codoping and undoped ZnO thin films.

To determine content of Ag and S in the annealed sample A, B
and C, EDS measurement were performed and plotted as a function
of substrate temperature, as shown in Fig. 3. The Ag contents are
2.3%,2.7% and 2.5% for sample A, B and C, respectively. The Ag con-
tent are somewhat larger in both sample B and C than in sample A,
and the variation rates of Ag content of sample B and C with re-
spect to sample A are 17% and 9%, respectively, as shown in the in-
set of Fig. 3. In contrast, the S contents significantly decreases from
1.54% to 0.45% as the substrate temperature increases from 200 to
500 °C, that is, the S content is larger in the sample A than in the
sample B and C. The variation rates of S contents of sample B and
C with respect to sample A are 51% and 71%, as shown in the inset
of Fig. 3. It should be noted that the diffraction peaks of metal Ag
are observed in the annealed sample B and C, but not in the an-
nealed sample A, and (002) peak positions of the annealed sample
B and C are almost the same as the annealed undoped ZnO, while
the (002) peak position of the sample is lower than that of the
undoped ZnO. These results imply that the Ag almost exists in
the form of metal Ag in the annealed sample B and C but not
in the form of substitutional Agz,. As a result, the content of Agz,
in the annealed sample A is larger than the annealed sample B and
C. Based on the analysis above, it is deduced that the Agz, content
in the ZnO decreases with decreasing S content, or accordingly,
Agz, solubility increases with increasing S content in ZnO. Accord-
ing to Hard-Soft Acid-Base theory (HSAB) [19,20], Ag reacts more
easily with S than O, and Ag,S is more stable than Ag,0, that means
that the S doping into ZnO and occupying O site prefers to bind
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Fig. 3. The contents of Ag and S as a function of substrate temperature. The inset

shows the variation rate of Ag and S contents in the samples B and C with respect to
the sample A, respectively.
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Table 1
The electrical properties of the annealed Ag-S codoped and undoped ZnO thin films.
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Sample S content (%) Ag content (%) Substrate temp. (°C)

Resistivity (Q cm)

Carrier density (cm™—) Mobility (cm?V~'s71) Type

1.54
0.75
0.45
0

23
2.7
2.5
0

200
350
500
500

onNnw>

3.36

83.0

8.35
0.39

333 x 10"
1.75 x 10"7
2.06 x 107
236 x 10'®

x 10% 0.56
0.29
3.67

6.68

[=I=Rl=Re]

with Agz, to form Agz,—So bond, and the Agz, in the Agz,-So bond
is more stable than one in the Agz,-O bond. Therefore, incorpora-
tion of S can enhance stability of Agz, acceptor and solubility of
Agz, in ZnO.

Table 1 lists the electrical properties of all the annealed sam-
ples. The annealed sample A with high S content shows p-type con-
ductivity with a resistivity of 3.36 x10°Qcm, a hole
concentration of 3.33 x 10'> cm~3, a mobility of 0.56 cm? V="' s~ 1,
However, both samples B and C with low S content show n-type
conduction. From samples B to D, the resistivity decreases, but
the electron concentration and mobility increases. It is known from
Fig. 3 that the contents of Agz, and S decreases from sample A to C.
Combining with Table 1 results, it is found that, with decreasing
Agz, content, the conducting type of the Ag-S codoped ZnO
changes from p- to n-type, the resistivity decrease but the carrier
concentration and mobility increases, implying that the conductiv-
ity of the annealed Ag-S codoped ZnO is related to contents of Agz,.
For the sample A, it has more Agz, acceptor defects, and the
amount of the Agz, acceptor is larger than that of native donor de-
fects, leading to p-type conduction. However, for the sample B and
C, the Agz, content decreases with respect to the sample A, which
results in that the amount of Agz, acceptor is less than that of na-
tive donor defects, hence the sample B and C show n-type conduc-
tion. Since Agz, content decreases from sample A to C, the
compensation of Agz, acceptor for native donors decreases but
crystal quality increases, which should make resistivity decrease
and electron concentration increase, in agreement with results in
Table 1.

In order to understand further the origin of p-type conductivity,
low temperature (91 K) photoluminescence (PL) measurement are
performed for the annealed sample A and B, as shown in Fig. 4. The
sample B consists of three emission peaks located at 3.360, 3.319
and 3.249 eV. The peak at 3.360 eV can be assigned a neutral donor
bound exciton transition (D°X) [21,22]. The peak at 3.319 eV can be
due to a neutral acceptor bound exciton transition (A°X) related to
Agz, acceptor [21]. The deep acceptor bound exciton was also re-
ported elsewhere. Look et al. [23] and Ryu et al. [24] observed
the A°X of N- and As-doped ZnO located at 3.315eV at 2 K and
3.32 eV at 20 K, respectively. Moreover, it can be found from PL
that a small number of Agz, acceptors still exist in the sample B
due to the appearance of A°X. However, although a small number
of Agz, acceptors exist in the sample B, the D°X dominates in PL,
implying that the donors are still dominant in sample B, therefore,
the sample B still shows n-type conductivity. The peak at 3.249 eV
exhibits a longitudinal optical (LO) phonon replica of A°X separated
by approximate 72 meV, therefore, it is attributed to A°X-LO. By
using the Gaussian fitting method, the PL of the sample A reveals
four peaks located at 3.370, 3.331, 3.312 and 3.240 eV, respec-
tively, as shown in the inset of Fig. 4. The peak at 3.370 eV can
be assigned to a free exciton (FX) emission [22]. The appearance
of FX suggests the annealed sample A has high crystallization qual-
ity. The new peak at 3.331 eV can be ascribed to a new neutral
acceptor bound exciton (new-A°X) corresponding to Agz,—nSo
complex acceptor [22], implying that the sample A exists a large
number of Ag-S bonds, which can stabilize the Agz, acceptor at
Zn site under post-annealing, leading to p-type conduction of the
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Fig. 4. 91 K PL spectra of the annealed Ag-S codoped ZnO deposited at 200 (sample
A) and 350 °C (sample B). The inset shows the fitting PL spectrum of the sample A.

sample A. In contrast, the peak related to Agz,-nSo complex accep-
tor does not be observed in the sample B. This is because most of
Agz, acceptors escape from Zn sites and form metal Ag due to
low S content in the sample B. The peak at 3.312 and 3.240 eV
can be considered as recombination of A°X related to Agz, acceptor
and A°X-LO, respectively. They show slightly red shift compared to
that of sample B, which may be due to that the larger S content in
sample A leads to the larger VB-offset bowing.

The ionization energy E, of the two acceptors of Agz, and Agz,-
nSp in sample A are estimated by Haynes rule [25],
Eb = OCEA (1)
where Ey is the exciton localization energy that can be obtained
from the difference between the FX and the A°X, and o is a Haynes
factor. Based on the low-temperature PL result of the sample A
shown in Fig. 4, the E, for Agz, and Agz,-nSo acceptors is estimated
to be 58 and 39 meV, respectively. Using the appropriate value
o = 0.24 [26], the ionization energy for Agz, and Agz,—nSp acceptors
is calculated to be about 242 and 163 meV, respectively. Obviously,
incorporation of S can form the Agz,—nSo complex acceptor with
ionization energy smaller than that of Agz, acceptor, which favors
p-type conductivity.

To understand better the experimental results, first-principles
calculations were performed using the VASP code with the projec-
tor augmented wave (PAW) potentials for electronic interaction
and generalized gradient approximation (GGA) for electron ex-
change and correlation [27,28]. For simulating the Ag and S codoping
in ZnO, the wurtzite 72-atom 3 x 3 x 2 supercells with the nearest
neighbor (NN) Agz,—nSo complex were constructed. A 2 x 2 x 2
k-point mesh was used for the Brillouin zone integration and a
more refined (8 x 8 x 8) k-point mesh was used for the density-
of-states (DOS) calculations. In the calculations, all the atoms are
allowed to relax until the Hellmann-Feynman forces acting on
them become less than 0.01 eV/A.
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Fig. 5. First-principles calculated total and partial DOS of the 72-atom ZnO
supercell with (a) Agz, and (b) Agz,—4So complex within the GGA approximation.

We first calculated the binding energy of Agz,—nSo complex in
ZnO in order to determine if Ag-nSo complex is stable. The binding
energy can be expressed as follows,

Eb = EtOt(Aan + nso) + Etot(ZnO) - Emt(Aan)Emt(nSo) (2)

where Eq is the total energy of the system calculated with the same
supercell. A negative E}, indicates that the complex tends to bind to
each other and forms a more stable structure. The calculated bind-
ing energy E;, for the complex is —0.8 and —1.3 eV for n=2 and
n =4, respectively, indicating that the complex is stable with re-
spect to the isolated Agz, and So defects, which is in good agree-
ment with experimental results.

To further understand the S induced decrease of acceptor ioni-
zation energy from PL spectrum, the acceptor transition energy,
&(0/-), of Agz,-nSo complex was also calculated. The &(0/-) is
0.44 eV for the Agz, in ZnO, close to the result calculated by Yan
et al. [14]. As S and Ag codoped into ZnO, the obtained ¢(0/-) of
Agz,-1nSo complex is 0.26 and 0.18 eV for n=2 and n = 4, respec-
tively, well explaining the shallowing of acceptor level observed
in the PL measurements. Fig. 5(a) and (b) show the calculated total
and partial density of states (DOS) of the 72-atom ZnO supercells
with Agz, and Agz,—4So complex, respectively. For the ZnO super-
cell with Agz,, the valence band maximum (VBM) is composed of
0-2p bands. For the ZnO supercell with Agz,-4So complex, S-3p
bands occur above O-2p band, suggesting the VBM level is equiva-
lently pushed to higher energy, which leads to lower acceptor tran-
sition energy. Therefore, this result well supports the acceptor
shallowing observed in the PL measurements.

4. Conclusions

In summary, our experimental and first-principles studies indi-
cate that S codoping to ZnO with Ag can enhance the solubility of
Agz, acceptor and form the shallower Agz,—nSo complex than Agz,.
Furthermore, the p-type conduction was observed in Ag-S codoped
ZnO. These results indicate that Ag-S codoping may be a promising
method for the realization of p-type ZnO.
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