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Reproducible p-type Ag–S co-doped ZnO (ASZO) films were grown on glass substrate by a modified hydrother-
mal method, where reaction solution is separated from alkali solution and O2 is removed from autoclave to avoid
deoxidation of Ag+ and oxidation of S2− in the solution. It is found that the Ag substitutes for the Zn inmonova-
lent state (AgZn+) and the S for theO inbivalent state (SO2−) in theASZO. Both AgZn+ and SO2−have two doping states,
each AgZn

+ is surrounded by 4O2− to form AgZn
+ acceptor and each SO

2− is surrounded by 4Zn
2+, while AgZn

+ bounds
with nSO2− to form AgZn+–nSO2−(n ≤ 4) complex acceptor. It is demonstrated that Ag doping can suppress the for-
mation of interstitial Zn and O vacancies in the ASZO and S doping can enhance solubility of Ag in the ASZO. Hall
measurement indicates that the p-type ASZO film has a hole density as high as 1018 cm−3, which is much higher
than that of ASZO prepared by magnetron sputtering. The mechanism of the formation of the p-type ASZO with
high hole density is suggested in the present paper.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

ZnO is a wide band gap semiconductor with a band gap of 3.27 eV
and is considered as candidate for the preparation of short wavelength
light emission diodes (LEDs), laser diodes (LDs), and photodetectors
[1–14]. However, strong self-compensating effect, low acceptor doping
content and deep acceptor levelmake it quite difficult to fabricate stable
p-type ZnO reproducibly, and become the key scientific issues in the
field of ZnO [15–17]. In the past 15 years, many research works are car-
ried out on fabrication of p-type ZnO through replacing lattice Zn atoms
by Group IA (Li, Na) elements [18], or lattice O atoms by Group V (N, P
and As) elements [19–20], or co-doping [21–22], but there still exist
the problems of poor reproducibility, conductivity and stability in the
p-type doped ZnO. Besides the self-compensation effect of native do-
nors, low doping content and deep acceptor level, there is a self-
compensation effect induced by the acceptor dopant, for example, the
compensation of interstitial Li donor for acceptor produced by substitu-
tion of Li for Zn in Li-doped ZnO, which results in that the Li-doped ZnO
is usually n-type conducting or semi-insulating. So, it is also an impor-
tant problem to avoid the self-compensation induced by dopant
through selection of suitable acceptor dopant.
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Yan et al. indicated that Agmay be a good candidate for fabricating p-
type ZnO due to the fact that the formation energy of substitution of
Ag1+ for Zn (AgZn+) is smaller than that of interstitial Ag (Agi), based on
first-principles calculation [23], which can avoid self-compensation in-
duced by acceptor dopant (compensation of Agi donor for AgZn+ accep-
tor). However, the ionization energy of the AgZn+ acceptor (0.444 eV) is
too high for achieving p-type conductivity. Persson et al. indicated that
the strong VB offset bowing of ZnO1 − xSx alloy can be utilized to de-
crease the ionization energy of acceptor doped in the ZnO-like alloys
[24], which was used by some research groups to prepare p-type ZnO
through Ag–S co-doping using the RF magnetron sputtering technique
[25–26]. Although the Ag–S co-doped ZnO prepared by magnetron
sputtering shows a better p-type conductivity and stability, its hole den-
sity of 1015–1016 cm−3 is still low for application in an optoelectronic de-
vice. The low hole density may be due to the existence of many intrinsic
donor defects and poor crystal quality of theAg–S co-doped ZnOfilm, be-
cause the film produced by magnetron sputtering is grown in a non-
equilibrium thermodynamic process.

It is known that ZnO films are grown under non-equilibrium thermo-
dynamic state inmany preparation technologies, for example,magnetron
sputtering and spin-coating, and that only growth temperature can be
used to tune defects and crystal quality of the films. Therefore, they usu-
ally have a large amount of intrinsic defects, poor crystal quality and
poor optical and electrical properties. Hydrothermal method is a conve-
nient, cheap and environmentally friendlymethod and is used to prepare
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ZnO film successively. Since growth of film is in quasi-equilibrium ther-
modynamic state in the hydrothermal process and species and amount
of the intrinsic defects are related to preparation techniques, it can be ex-
pected that the ZnO film produced by the hydrothermal method would
have good crystal quality, less intrinsic defects, different distribution of in-
trinsic defects, and good electrical properties, compared to the ZnO films
produced by magnetron sputtering, etc.

Based on the alkali source used in the synthesis of ZnO, the hydro-
thermal systems reported previously can be separated into three
kinds: organic, inorganic and no alkali source systems. However, the
former two systems usually are strongly alkaline or contain oxidizer
and deoxidizer, which may make Ag+ be deoxidized (especially when
the solution is heated), or S2− to be oxidized, resulting in that the Ag
and S incorporate into ZnO difficultly in ionic states. ZnO cannot be syn-
thesized continuously in the systemwithout alkali source and it is hard
to control themorphology of ZnOfilm. Therefore, the hydrothermal sys-
tems reported previously for the preparation of ZnO are not suitable for
fabricating the Ag–S co-doped ZnO thin film. It is necessary to modify
the hydrothermal systems. However, there are few papers on the prep-
aration of Ag- or S-doped ZnO by the hydrothermal method [27–28].

In the present work, p-type Ag–S co-doped ZnOwith high hole den-
sity was prepared by using the modified hydrothermal method, the
doping behaviors of Ag and S and its effects on intrinsic defects and
solubility of ZnO were characterized, and formation mechanism of the
p-type Ag–S co-doped ZnO was suggested.

2. Experimental methods

All films used in this work, including un-doped ZnO (ZnO), Ag-
doped ZnO (AZO), S-doped ZnO (SZO) and Ag–S co-doped ZnO
(ASZO), were grown on glass substrate coated with a layer of ZnO
seed by using the modified hydrothermal system described below, the
ZnO seed layer was fabricated by the spin-coating technique [14].

Sketch of the inside structure of the modified hydrothermal system
is shown in Fig. 1. Reaction solution consists of a small amount of pyri-
dine (C5H5N, 99.5%) and zinc, silver, sulfur sources or their mixtures, as
listed in Table 1, as well as conditioning agent. The reaction solution is
filled in the liner of autoclave. Alkali solution is composed of butylamine
(CH3(CH2)3NH2, 99.5%) and C5H5N. In order to avoid deoxidization of
Ag+, the alkali solution is separated with the reaction solution by filling
it in a volumetric flask, as shown in Fig. 1.When the autoclave is heated,
Fig. 1. Sketch of the inside structure of the autoclave. 1. PTFE liner; 2. substrate; 3. PTFE
stand; 4. volumetric flask; 5. the surface of reaction solution; 6. reaction solution; 7.
alkali solution.
the surface of the reaction solution rises up, the reaction solution vapor-
izes and the Brownian movement in reaction solution becomes stron-
ger, resulting in an increase in the pressure of the autoclave. As the
autoclave is heated to some fixed temperature (usually above 100 °C),
a zone that has strong convection comes into being near the interface
of gas and reaction solution, which will absorb the vaporized alkali
into the zone to react with the reaction solution, forming ZnO or Ag-
doped or Ag–S co-doped ZnO. This method also can be used to fabricate
other kinds of metal oxides or metal hydroxides.

Table 1 shows starting materials and their concentrations for the
preparation of various samples. For un-doped ZnO films, the reaction so-
lution is prepared by dissolving zinc salt(s) (zinc nitrate hexahydrate,
Zn(NO3)2·6H2O, 99.0%) or mixture of Zn(NO3)2·6H2O and zinc acetate
dihydrate (Zn(Ac)2·2H2O, 99.0%) and ammonium nitrate (NH4NO3,
99.5%) with deionized water in an ultrasonic bath and then adding a
small amount of C5H5N. Here, NH4NO3 served as a conditioning agent.
The glass substrate with a layer of ZnO seed on one side was placed
horizontally onto the surface of the reaction solution using a
polytetrafluoroethylene (PTFE) stand, and the side with ZnO seed faces
down the solution. The alkali solution is filled in the volumetric flask.
The autoclave with the reaction solution, glass substrate and alkali solu-
tion is closed and then heated at 190 °C for 1 h in a thermostatic drier. Fi-
nally, the glass substrate with undoped ZnO thin film is rinsed in
deionized water and dried at 120 °C for 10 min. For Ag-doped ZnO
films, silver nitrate (AgNO3, 99.8%) was added to the reaction solution
mentioned above for un-doped ZnO to serve as a silver source; for S-
doped ZnO films, tetramethylthiourea (TMTU, 98.0%) was added to the
reaction solution to serve as a sulfur source, and high purity N2 gas
(99.99%) was filled into the liner in order to avoid oxidation of S2−; for
Ag–S co-doped ZnO, TMTU and silver chloride (AgCl, 99.5%) were
added to the reaction solution to serve as a sulfur source and silver
source, respectively, and high purity N2 gas was filled into the liner in
order to avoid oxidation of S2−. TMTU is a strong ligand of Ag+ and hy-
drolyzes at the temperature above 160 °C to release hydrogen sulfide
(H2S). And H2S ionizes and reacts with Ag+ to form coordination com-
plex [Ag(HS)2]−, which was designed to introduce AgZn+–nSO2−(n ≤ 4)
into ZnO. The doping contentwas controlled by changing themole ratios
of S source to Zn source and Ag source to Zn source in the reaction solu-
tion. In the presentwork, the formation of the Ag–S co-doped ZnO can be
expressed by following chemical equations:

AgNO3 →Agþ þ NO−
3 ð1Þ

AgClþ 3TMTU→ Ag TMTUð Þ3
� �þ þ Cl− ð2Þ

Ag TMTUð Þ3
� �þ þ 2H2O→

Δ
Ag HSð Þ2
� �− þ 2TMUþ TMTUþ 2Hþ ð3Þ

TMTUþ H2O→
Δ

TMUþ H2S ð4Þ

H2S→HS− þ Hþ ð5Þ

NHþ
4 þ C5H5N⇄NH3 þ C5H6N

þ ð6Þ

NHþ
4 þ CH3 CH2ð Þ3NH2 →NH3 þ CH3 CH2ð Þ3NHþ

3 ð7Þ

NH3 þ H2O⇄NHþ
4 þ OH− ð8Þ

CH3COO
− þH2O⇄ CH3COOHþ OH− ð9Þ

Zn2þ þ 2OH− → Zn OHð Þ2 ð10Þ

Zn OHð Þ2→
Δ

ZnOþ H2O ð11Þ

Image of Fig. 1


Table 1
Starting materials and their concentrations for the preparation of various samples.

Sample Zn(NO3)2·6H2O (mM) Zn(Ac)2·2H2O (mM) AgNO3 (mM) TMTU (mM) AgCl (mM)

(ZnO-I) un-doped ZnO-I 100 – – – –
(ZnO-II) un-doped ZnO-II 25 75 – – –
(SZO-I) S-doped ZnO-I 25 75 – 50 –
(SZO-II) S-doped ZnO 25 75 – 100 –
(SZO-III) S-doped ZnO 25 75 – 200 –
(AZO-I) Ag-doped ZnO-I 100 - 0.5 – –
(AZO-II) Ag-doped ZnO-II 100 - 1 – –
(ASZO-I) Ag–S co-doped ZnO-I 25 75 – 100 2
(ASZO-II) Ag–S co-doped ZnO-II 25 75 – 100 5
(ASZO-III) Ag–S co-doped ZnO-III 25 75 – 100 10
(ASZO-IV) Ag–S co-doped ZnO-IV 25 75 – 100 20
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ZnOþ Ag HSð Þ2
� �− → ZnO : Ag; Sð Þ þ 2OH− ð12Þ

where TMU is tetramethylurea.
The composition of the films was investigated by Energy Dispersive

Spectrometer (EDS, Hitachi MPF-4). 15 kV voltage was applied as EDS
measurement was performed. To characterize the structures of the
un-doped and doped ZnO thin films, the standard θ–2θ scanning was
performed by X-ray diffraction (XRD) with Cu Kα radiation source
(λ = 1.5406 Å). Electrical properties were measured by a Hall effect
measurement system (LakeShore7707) at room temperature in the
van der Pauw configuration. Photoluminescence (PL) was measured at
room temperature by using the UV Labran Infinity Spectrophotometer
with He–Cd laser line of 325 nm as an excitation source. To detect the
composition and chemical states of elements, the film samples were
tested using the X-ray photoelectron spectroscopy (XPS) by ESCALAB
250 XPS instrument with an Al Kα (hν = 1486.6 eV) X-ray radiation
source which had been carefully calibrated by the C 1s peak (284.6 eV).

3. Results and discussion

In order to understand electrical properties of the ASZO and related
mechanism, Hall measurement was performed for the ZnO, SZO, AZO
and ASZO films, and the results are listed in Table 2. It can be seen
from Table 2 that both the ZnO and SZO show n-type conduction, but
the electron density of SZO is about one order of magnitude smaller
than that of ZnO. However, for AZO, although it still shows n-type con-
ductionwhen nominalmole ratio of Ag source to Zn source is 0.5% in the
reaction solution, its electron density dropped dramatically from1018 to
1015 cm−3. Moreover, when the nominal ratio increases to 1%, the AZO
converts from n-type to p-type, but the p-type conductivity is not stable
and poor, that is, it spontaneously turns from p-type to n-type after sev-
eral days or weeks. For the ASZO, when the nominal mole ratio of S
source to Zn source increases to 100:100 and nominal mole ratio of Ag
source to Zn source increases to 5–20%, it shows p-type conductivity
Table 2
Hall effect measurement results of undoped, Ag-doped, S-doped and Ag–S co-doped ZnO
films.

Sample Carrier
type

Resistivity
(Ω cm)

Carrier density
(cm−3)

Mobility
(cm2 V−1 s−1)

ZnO-I n 2.3 × 101 2.7 × 1018 3.2 × 10−1

ZnO-II n 2.5 × 101 4.3 × 1018 5.7 × 10−2

SZO-I n 8.5 3.6 × 1018 2.5 × 10−1

SZO-II n 5.5 × 101 3.3 × 1017 2.7 × 10−1

SZO-III n 1.6 × 101 8.0 × 1017 5 × 10−1

AZO-I n 9 × 103 3 × 1015 6.5 × 10−1

AZO-II p 4.5 × 103 7.1 × 1015 2.6 × 10−1

ASZO-I n 3.1 × 101 7.5 × 1017 3.5 × 10−1

ASZO-II p 6 × 101 6.3 × 1017 2.1 × 10−1

ASZO-III p 3.9 1.7 × 1018 1.3
ASZO-IV p 2.2 5.3 × 1018 5.7 × 10−1
with a hole density of 1017–1018 cm−3, and the hole density increases
and resistivity decreases with increasing the nominal mole ratio of the
Ag source to Zn source. Interestingly, the ASZO film still shows a p-
type conduction after half one year. Therefore, the p-ASZO film shows
a better p-type conduction than the AZO film. It should be noted that
the low Hall mobility is ascribed to the scattering of impurities or de-
fects on carriers.

To further verify the reliability of p-type conductivity of the ASZO
films, a ZnO homojunction was fabricated by using n-type ZnO and p-
type ASZO, as shown in the top-left inset in Fig. 2. The current–voltage
(I–V) curve of the homojunction was measured at room temperature,
as shown in Fig. 2. It reveals a typical rectification characteristic of
diode. Prior to the I–V measurement of the homojunction, I–V curve of
electrode contact on p-type ASZO was measured, as shown in the
bottom-right inset in Fig. 2, indicating that the contact is an ohm con-
tact. Therefore, the rectification characteristic comes from the homojunc-
tion, confirming that the p-type conductivity of the ASZO is reliable.

It is noted that the highest hole density of the p-type ASZO
(1018 cm−3) is twoorders ofmagnitudehigher than that of Ag–S codoped
ZnO prepared by magnetron sputtering (ASZO-MS) (1016 cm−3), more-
over, the reproducibility of the p-type ASZO film reaches about 80%,
which is also much higher than that of p-type ASZO-MS. Therefore, it is
deduced that the modified hydrothermal method may be a good tech-
nique of the preparation of stable p-type ZnO.

It is well known that electrical properties of a semiconductor are re-
lated to its intrinsic defects and extrinsic impurities. In order to under-
stand the mechanism of the formation of the p-type ASZO with high
hole density, stability and reproducibility, characterizations for the
structure of the undoped and doped ZnO films, doping behaviors of Ag
and S in the ZnO and effects of the behaviors on the intrinsic defects
are performed. Table 3 shows elements and their concentration of
some typical samples measured by EDS, indicating that there are Ag, S
and Ag and S elements in the nominal AZO, SZO and ASZO films, respec-
tively. It is worth noting from Table 3 that Ag concentration in the ASZO
is larger than that in the AZO and the Ag concentration increases with
increasing S concentration, which imply that S doping can improve Ag
concentration in ZnO film.

However, although EDS measurement can demonstrate that the
doped ZnO films have Ag or/and S, it cannot demonstrate whether Ag
or/and S incorporate into ZnO. In order to resolve this problem, XRDmea-
surement is used to detect the doping behavior of Ag and S in the ZnO
films. Fig. 3 shows the XRD patterns of the un-doped and doped ZnO
films. The XRD pattern of the ZnO film shows a strong (002) diffraction
peak of ZnO with wurtzite structure, while other diffraction peaks of
ZnO are very weak, as shown in Fig. 3(a), indicating that the ZnO film is
the preferred orientation in (002) direction. Fig. 3(b)–(e) shows the
XRD patterns of SZO, AZO and two ASZO films with different Ag and S
contents (ASZO-II and ASZO-III), respectively, which show that a strong
diffraction peak is observed near diffraction angles of (002) peak of ZnO.
Comparing with (002) peak of the ZnO films, the diffraction angles of



Fig. 2. The I–V curve of the ZnO p–n homojunction. The top-left and bottom-right insets show the diagram of the structure of the p–n homojunction and the I–V curve of electrode contact
on p-type ASZO, respectively.
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the peak of the SZO, AZO, ASZO-II andASZO-III shift all to lower diffraction
angle direction and decrease with increasing Ag or/and S contents, that
implies that Ag or/and S incorporate into ZnO to form solid solution of
ZnO and all the doped ZnO films consist of the solid solution of ZnO
with (002) preferential orientation. It should be noted that all (002) dif-
fraction peaks show significant asymmetry. The shoulder at the high
angle side of the main peak leads to the asymmetry, which is derived
from the Kα2 X-ray source. It is known that the Ag occupies the Zn site
(AgZn) and the S occupies the O site (SO) in the Ag or S-doped ZnO [23].
For S doping, since S has only one chemical state of S2− and ionic radius
of S2− (0.184 nm) is larger than that of O2− (0.140 nm), substitution of
S2− for O2− will result in an increase in lattice constant, that is, the shift
of (002) diffraction peak towards lower angle direction, as shown in Fig.
3(b). So, the S doping state can be determined by theXRD to be occupying
the O site in the chemical state of S2− (denoted as SO2−). However, since
Ag has two chemical states of Ag1+ and Ag2+ and the ionic radii of both
Ag+ (0.115 nm) and Ag2+ (0.094 nm) are larger than that of Zn2+

(0.074 nm), the substitution of both for Zn leads to an increase in lattice
constant c or shift of the (002) diffraction peak towards lower angle direc-
tion, as shown in Fig. 3(c). So, the chemical state of the AgZn cannot be de-
termined only by the XRD results.

In order to characterize the chemical state of the Ag and S-doped in
ZnO, XPS was employed to detect the composition of the ASZO and
chemical states of Ag and S in theASZO. Fig. 4(a) shows that the calibrat-
ed C 1s peak is located at 284.6 eV. Fig. 4(b) and (c) shows the Zn 2p and
O 1s peaks. Fig. 4(d) and (e) shows theXPS spectra of the Ag 3d and S 2p
of the ASZO, respectively. The asymmetric Ag 3d5/2 peak can be
disassembled into two sub-peaks centered at 367.5 and 368.0 eV,
Table 3
Elements and their concentrations for the various samples.

Sample Zn (%) O (%) S (%) Ag (%)

ZnO-II 51.2 48.8
SZO-II 47.2 52.5 0.3
SZO-III 48.4 51.0 0.6
AZO-I 48.4 51.4 0.2
AZO-II 49.4 50.4 0.2
ASZO-II 48.1 50.7 0.4 0.8
ASZO-III 47.7 50.4 0.7 1.2
respectively, as shown in Fig. 4(d). The 367.5 eV is closed to the value
of Ag 3d5/2 in Ag2O, while 368.0 eV is closed to the value of Ag 3d5/3 in
Ag2S [29–30], indicating that the AgZn is not in the chemical state of
Ag2+ but Ag1+. The spectrum of S 2p can be fitted by four sub-peaks,
centered at 160.3, 161.4, 161.8 and 162.9 eV, respectively, as shown in
Fig. 4(e). The 160.3 and 161.4 eV are closed to values of S 2p3/2 and S
2p1/2 in Ag2S, respectively, while 161.8 and 162.9 eV are closed to values
of S 2p3/2 and S 2p1/2 in ZnS, respectively. The XPS results indicate that
Ag and S incorporate into ZnO in the chemical state of AgZn+ and SO2− in
the ASZO, respectively, and both have two doping states. One is the
AgZn+ with a binding energy of 367.5 eV surrounded by 4O2− to form
an acceptor (denoted by AgZn+ ) and the SO2− with S 2p3/2 of 161.8 eV
surrounded by 4Zn2− (denoted as SO2−), and the other one is AgZn1+.with
a binding energy of 368.0 eV surrounded by nSO2− with S 2p3/2 of
160.3 eV (n is integral number less than 4) to form complex defect,
which is denoted by AgZn+–nSO2−.

According to the discussion mentioned above, it is deduced that Ag
has one doping state of AgZn+ in AZO and two doping states of AgZn+ and
AgZn+–nSO2− in the ASZO. Both AgZn+ and AgZn+–nSO2− complex act as accep-
tors [26,31], theymay compensate donor defects to decrease background
electron concentration or provide hole to increase hole density in the AZO
and ASZO. The higher the amount of Ag-doped, the lower the background
electron concentration or the higher the hole density of p-type ZnO. How-
ever, it is found that the electron concentration of n-type Ag-doped ZnO
prepared by magnetron sputtering (denoted as ASZ-MS) (1017 cm−3) is
higher than that of the n-type AZO prepared in the present work
(1015 cm−3) and that the hole density of the p-type ASZO (1018 cm−3)
is much higher than that of the p-type ASZO-MS (1016 cm−3) [31], even
though the doping content of Ag in the AZO-MS and ASZO-MS are larger
than that in the AZO and ASZO. These imply that the electrical properties
of the Ag-doped andAg–S co-doped ZnO are also affected by other factors
except for the doping content and chemical state of Ag in ZnO.

It is known that intrinsic defects are important factors affecting elec-
trical properties of semiconductors except for extrinsic impurities and
that the formation of intrinsic defects is not only related to the thermo-
dynamic formation but also to the preparation technique. In order to
understand the effect of intrinsic defects on electrical properties of the
AZO and ASZO, PL measurement was carried out at room temperature.
Fig. 5 shows the room temperature PL spectra of the ZnO, AZO, SZO

Image of Fig. 2


Fig. 3. XRD patterns of (a) ZnO, (b) SZO, (c) AZO, (d) ASZO-II, and (e) ASZO-III.

Fig. 4. C 1s (a), Zn 2p (b), O 1s (c), Ag 3d5/3 (d) and S 2p (e) XPS spectra of the ASZO.

Fig. 5. Room temperature normalized photoluminescence spectra of the ZnO, AZO, SZO
and ASZO films. The UV peaks are normalized.
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and ASZO films. Two PL bands are observed at 3.27 and 2.06 eV in the PL
spectrum of the ZnO, respectively, the former is due to near-band-edge
emission of ZnO and the latter to electron transition from Zni to intersti-
tial O (Oi) [32–33]. Since the ZnO is Zn-rich (as shown in Table 3) and
shows n-type conduction with electron concentration of 1018 cm−3,
the Zni donor is a dominant intrinsic defect in the ZnO. When S dopes
in ZnO, the 2.06 eV band disappears but a strong PL band appears at
2.45 eV, as shown in PL spectrum denoted by SZO, moreover, the com-
position of ZnO also changes from Zn-rich to Zn-poor, as shown in
Table 3, which implies that the disappearance of the 2.06 eV band is at-
tributed to a decrease in the Zni. The 2.45 eV band is attributed to elec-
tron transition from conduction band to O vacancy (VO) level [32–33],
so the appearance of the 2.45 eV band indicates the formation of
many VO defects. The above results indicate that S doping can suppress
the formation of Zni but improve the formation of VO, which makes the
dominant intrinsic defect change from Zni to VO. Since both Zni and VO

are donors and the ionization energy of Zni is smaller than that of VO,
the SZO should show n-type conductionwith an electron density small-
er than that of the ZnO, in agreement with Hall measurement result
shown in Table 2. However, when Ag dopes or Ag–S codopes in ZnO,
the intensity of the 2.06 eV band decreases greatly and no other band,
for example, VO band, is observed in the visible region, as shown in PL

Image of &INS id=
Image of &INS id=
Image of Fig. 5
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spectra denoted byASZ andASZO,moreover, the intensity of the 2.06 eV
band for the Ag–S codoped ZnO is smaller than that for the Ag-doped
ZnO. In addition, accompanied by the decrease in the intensity of the
2.06 eV band, the Zn content also decreases, as shown in Table 3.
These mean that the amount of Zni donor decreases greatly as Ag
dopes into ZnO, at the same time, no other donor defects (such as VO)
form, that is, Ag doping can suppress the formation of both Zni and VO

donors, which will decrease compensation intrinsic donor for AgZn+

and AgZn+–nSO2− acceptors. This result differs from that of AZO-MS and
ASZO-MS, where Ag doping can suppress the formation of Zni but VO,
leading to that AZO-MS has high electron density (1017 cm−3).

According to the above discussions, the formation of the p-type ASZO
with high hole density and reproducibility can be attributed to follows: 1.
formation of the AgZn+–nSO2− with an ionization energy smaller than that
of AgZn+, the hole of p-type ASZO comes mainly from contribution of the
AgZn+–nSO2− complex acceptor. 2. Increase in Ag doping concentration in-
duced by S doping, which makes the ASZO have more AgZn+ and AgZn+–
nSO2− acceptors, and 3. suppress of the formation of Zni and VO induced
by Ag doping, which reduces compensation of intrinsic donors for AgZn+

and AgZn+–nSO2− acceptors. Compared to ASZO-MS, the high hole density
and reproducibility of the p-type ASZO are mainly due to the fact that
Ag doping suppresses the formation of Zni and VO donors.

4. Conclusions

The p-type ASZO films with a hole density of 1018 cm−3 were pre-
pared reproducibly by the modified hydrothermal method, where the
alkali solution is separated from reaction solution and O2 is removed
from the autoclave to avoid deoxidization of Ag+ and oxidization of
S2−. The Ag substitutes for the Zn site in the chemical state of AgZn+

and the S occupies the O site in the state of SO2− in the ASZO. Some of
the AgZn2+ are surrounded by 4O2− to form AgZn+ acceptor and the other
AgZn1+ are surrounded by nSO2− to form AgZn+–nSO2− complex acceptor
with an ionization energy smaller than that of AgZn+ . Ag doping can sup-
press the formation of Zni and VO donors in the ASZO, which leads to
dramatic decreases in electron concentration from 1018 cm−3 of the
ZnO to 1015 cm−3 and to reduce compensation of intrinsic donors for
acceptors; S doping can increase Ag doping content in ZnO.

The formation of the p-type ASZO with high hole density and repro-
ducibility is mainly attributed to a decrease in the amount of Zni and VO

induced by Ag doping and the formation of shallowAgZn+–nSO2− complex
acceptor induced by the S doping. Compared to the p-type ASZO-MS,
the improvement in the hole density of the p-type ASZO is due to a de-
crease in the amount of Zni and VO induced by Ag doping.
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