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a  b  s  t  r  a  c  t

We  report  on  p-type  Ag-doped  ZnMgO  thin  films  prepared  on  quartz  substrates  by  pulsed  laser  deposition.
The  effects  of substrate  temperature  on the  structural,  electrical  and  optical  properties  of the  films  are
investigated  in detail.  All  the films  we  obtained  have  a  preferred  orientation  with  the  c-axis  perpendicular
to  the  substrates.  Secondary  ion mass  spectroscopy  and  X-ray  photoelectron  spectroscopy  measurements
confirm  that  Ag has  been  incorporated  into  the  films  and  principally  occupies  Zn  site  in the  state  of  Ag+ ion
eywords:
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ptical properties

and acts  as an  acceptor.  An  acceptable  p-type  conduction,  with  a resistivity  of  24.96  �  cm,  a  Hall  mobility
of 0.32  cm2 V−1 s−1, and a hole  concentration  of 7.89 × 1017 cm−3 at room  temperature,  was  obtained  for
the  film  grown  at  the  optimal  substrate  temperature  of  400 ◦C.  The  formation  of  good  p-type  conduction
in  this  film  might  be due  to  a combined  effect  of  the  increase  of  substitutional-Ag  (AgZn)  density  and
the  suppression  of  the  oxygen-related  defects.  The  p-type  conduction  of  Ag-doped  ZnMgO  film  is  further

 Ag-d
canning electron microscopy confirmed  by  a rectifying

. Introduction

Zinc oxide (ZnO), with a direct band gap of 3.37 eV at room
emperature and a high exciton binding energy of 60 meV, has
ttracted great attention in recent years due to its promising poten-
ial applications in blue and ultraviolet (UV) light-emitting diodes
LEDs) and laser diodes (LDs) [1,2]. It is well known that the band
ap of ZnO can be modulated by alloying different concentrations
f MgO  [3].  Therefore, ZnMgO is a suitable material for ZnO/ZnMgO
uperlattices, quantum wells, and ultraviolet (UV) optoelectronic
evices [4].  On the other hand, the p-n junction based on ZnMgO
ot only improves the efficiency of UV or blue light emitting
evices even working at deep UV wavebands, but also results in
ew application opportunities such as laser diodes in message
torage [5].  In order to realize such optoelectronic application, it is
ecessary to obtain high-quality, reproducible, and stable n-type
nd p-type doping. The n-type ZnMgO thin films with high crystal
uality can far more readily be prepared even without any doping
6]. However, as in ZnO, fabrication of p-type ZnMgO thin films
ith high optical quality and stable conductivity is still very diffi-

ult due to the low dopant solubility, the deep acceptor levels of the
opants, and the self-compensation effect from native defects such

s oxygen vacancy (VO) and zinc interstitial (Zni) [7].  Therefore,
any attempts have been made to obtain p-type ZnMgO thin films

y single doping of I or V group elements, such as Li [8],  Na [9],
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N [10], P [11], As [12], Sb [13], etc., and codoping of III–V groups,
such as, Al–N [14], etc. Recently, realization of p-type ZnMgO with
K-doping and In–N co-doping prepared by pulsed laser deposition
and direct current magnetron sputtering, respectively, have been
reported [15,16]. Besides these abovementioned acceptor dopants,
Ag, as a group IB element, is a good candidate for producing a shal-
low acceptor level in ZnO under oxygen-rich growth conditions, if
incorporated on substitutional Zn sites [17,18]. The first-principles
calculations demonstrated that the formation energy of AgZn
is much lower than that of Agi, thus the compensation effects
of the interstitial atoms can be restrained strongly. In addition,
the O-rich conditions likely needed to prevent compensating VO
and/or Zni defects are consistent with the required conductions
for substituting Ag onto the Zn sites. However, there is no report,
to the best of our knowledge, on the formation of p-type ZnMgO
thin films with Ag doping by pulsed laser deposition.

In the present study, Ag-doped ZnMgO thin films were grown
on quartz substrates by pulsed laser deposition in oxygen ambient
using the sintered ZnO target containing 10 at% MgO and 0.5 at%
Ag2O. The effects of substrate temperature on the structural, elec-
trical and optical properties of the films were investigated and
discussed in detail. The p-type conduction of Ag-doped ZnMgO film
was further confirmed by a rectifying Ag-doped ZnMgO/i-ZnO/Al-
doped ZnMgO heterojunction.
2. Experimental details

Ag-doped ZnMgO thin films were grown on quartz substrates by pulsed
laser deposition in oxygen ambient. Ag-doped ZnMgO target was fabricated using
high-purity ZnO (99.99%) and MgO  (99.99%), with Ag2O (99.995%) serving as the

ghts reserved.
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oping agent. The nominal concentrations of Mg  and Ag in the target were 10 at% and
 at%, respectively. A KrF excimer laser (Compex 102, 248 nm,  25 ns) was  employed
s  the ablation source. The laser repetition rate and the energy per pulse were 5 Hz
nd  300 mJ,  respectively. The vacuum chamber was evacuated to a base pressure of

 × 10−4 Pa. Before being loaded into the chamber, the substrates were ultrasonically
leaned with acetone, ethanol and de-ionized water for 15 min, respectively, and
ubsequently dried in a flowing nitrogen gas. The deposition was carried out in high
urity (99.9995%) oxygen ambient and the oxygen pressure was  maintained at 45 Pa.
efore deposition, the target was pre-sputtered for about 10 min  to remove contam-

nants from the surface. The target to substrate distance was 5.5 cm and the substrate
emperature was varied from 300 to 500 ◦C. All the films had an approximate film
hickness of 280 nm.  After growth, the samples were in situ annealed in a 100 Pa O2

mbient for 30 min  to suppress the formation of possible native donor defects.
The crystal structure of the films was  characterized by X-ray diffraction (XRD)

sing a XPERT-PRO system with a Cu K� (� = 1.5406 Å) source. The film thick-
ess was  measured using field emission scanning electron microscopy (FE-SEM;
ITACHIS-4800). The depth profile of the films was investigated by secondary ion
ass spectroscopy (SIMS) (Cameca IMS-6F). The chemical bonding states of Ag was

nalyzed by x-ray photoelectron spectroscopy (XPS) (Thermo ESCALAB 250, Al K�
adiation source h� = 1486.6 eV). The electrical properties were examined by Hall
easurements in the van der Pauw configuration (BIO-RAD HL5500PC) at room

emperature. Photoluminescence (PL) measurements were performed on a FLSP920
Edinburgh Instruments) fluorescence spectrometer at room temperature using a
e–Cd laser as a light source at excitation wavelength of 325 nm.  The Ag-doped
nMgO/i-ZnO/Al-doped ZnMgO heterojunction was  made by layer-by-layer growth
nd  the current–voltage (I–V) characteristics were evaluated by using an Agilent
5270B system.

. Results and discussion

Fig. 1(a) shows the XRD patterns of Ag-doped ZnMgO thin

lms deposited at various substrate temperatures in the range of
00–500 ◦C. Only the peaks indexed to (0 0 2) and (0 0 4) reflections
f the hexagonal wurtzite structure of ZnO can be observed in these
atterns, indicating that all of the obtained films are polycrystalline

ig. 1. (a) XRD patterns of Ag-doped ZnMgO thin films deposited at various sub-
trate temperatures and (b) plot of substrate temperature vs (0 0 2) diffraction peak
osition and length of c-axis.
mpounds 516 (2012) 157– 160

and have a preferred orientation with the c-axis perpendicular to
the substrate surface. No extra phases related with silver oxide
(Ag2O, AgO) and/or other zinc and silver compound were detected
from the XRD patterns. The (0 0 2) peak position and c-axis lattice
parameter of Ag-doped ZnMgO thin films are varied depending on
the substrate temperature, as shown in Fig. 1(b). It can be seen that
the position of the (0 0 2) peak first shifts to a lower angle consis-
tently and then recovers to a higher angle slightly as increasing
the substrate temperature from 300 to 500 ◦C. As is well known,
Ag in ZnO can act as an amphoteric dopant, existing both on sub-
stitutional Zn sites and in the interstitial sites. The quasichemical
reaction for Ag in ZnMgO thin films may  be described as follows
[19]:

Ag2O → Ag′
Zn + Ag

•
i + OO, (1)

where Ag′
Zn is Ag at a Zn site, Ag

•
i is Ag at an interstitial site and OO is

O at an oxygen site. Therefore, the initial decrease of the (0 0 2) peak
position is ascribed to the increase of the number of substitutional
Ag+ ion on the Zn2+ lattice sites with the increase of substrate tem-
perature, which expands the lattice parameter due to the radius
of Ag+ ion (1.02 Å) is larger than that of Zn2+ ion (0.60 Å) [20]. On
the other hand, the partial formation of Ag interstitials at higher
temperature may  increase the ZnO lattice and then cause the lower
angle shifting of the (0 0 2) peak. In addition, it can be observed from
Fig. 1(b) that the lattice parameter of c-axis has been estimated in
the range from 5.194 to 5.201 Å, which is smaller than the value
of 5.207 Å for bulk ZnO. This is ascribed to the smaller ionic radius
of Mg2+ (0.57 Å) than Zn2+ (0.60 Å) [20]. According to the above
analysis, it can be inferred that the Ag-doped ZnMgO film prepared
at 400 ◦C has the best crystal quality owing to the coordination of
Mg2+ and Ag+ in the film.

Table 1 summarizes the electrical properties of Ag-doped
ZnMgO films measured by Hall-effect measurements in the van
der Pauw configuration [21]. The quartz substrates used here can
assure that the conducting features of the films are not affected by
the substrate and are completely attributed to Ag-doped ZnMgO
thin films. It can be seen that the electrical properties of the films
are strongly influenced by the substrate temperature during the
film growth. When the substrate temperature is low (300 ◦C), the
film possesses relatively high resistivity and exhibits n-type con-
duction. This may be caused by the fact that the amount of AgZn
acceptor in the film grown at such temperature is insufficient to
compensate the intrinsic donor defects such as VO and Zni. As a
result, the film exhibited n-type conduction. As the substrate tem-
perature increases, the p-type conduction of the films is confirmed
and enhanced due to the Ag atoms are activated gradually. The
optimized result with a resistivity of 24.96 � cm,  a Hall mobility of
0.32 cm2 V−1 s−1, and a hole concentration of 7.89 × 1017 cm−3, is
realized at the substrate temperature of 400 ◦C. The realization of
p-type conduction indicates the formation of AgZn acceptors in the
film. As the substrate temperature further increases, weak p-type
conduction is found with high resistivity and low carrier concentra-
tion. It is inferred that the degradation in electrical properties may
be associated with the partial formation of Ag interstitials at higher
temperature which is harmful to p-type doping, as supported by the
XRD results. Besides, the reevaporation of few Ag accepters at high
substrate temperature would be another possible reason for the
deterioration in electrical properties. Similar behaviors have been
observed for p-type Li-doped ZnMgO thin films by Pan et al. [22].
Therefore, it is reasonable to speculate that Ag atoms substitute
for Zn atoms acting as effective acceptors in Ag-doped ZnMgO thin
films.
In order to investigate the element composition distribution in
the Ag-doped ZnMgO thin film, the depth profile of the main ele-
ments in the film is carried out by SIMS measurement, as presented
in Fig. 2. It is evident that Ag has been clearly detected, and its
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Table 1
Electrical properties of Ag-doped ZnMgO thin films deposited at different substrate temperatures.

Sample Substrate temperature (◦C) Resistivity (� cm)  Hall mobility (cm2 V−1 s−1) Carrier concentration (cm−3) Carrier type

S1 300 3.25 × 104 3.05 6.30 × 1013 n
S2 350 2812 0.40 5.53 × 1015 p
S3 400 24.96 0.32 

17

S4  450 693.4 0.45 

S5  500 3887 0.56 
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centrations in the n-type Al-doped ZnMgO layer and undoped
17 −3
Fig. 2. SIMS depth profile of Ag-doped ZnMgO thin film deposited at 400 ◦C.

oncentration profile is found to be relatively uniform from the
urface to the interface. This indicates that the Ag has been incor-
orated into the ZnMgO film, which is responsible for the p-type
onduction. However, no quantitative results could be obtained due
o the lack of reference samples for the SIMS measurement. In addi-
ion, the film thickness can be estimated from the SIMS profile curve
o be about 280 nm,  which is in good agreement with the result
btained by SEM measurement.

To identify the chemical bonding states of Ag in the Ag-doped
nMgO thin films, the XPS measurement is carried out. Fig. 3 pro-
ides the XPS spectrum of Ag 3d core levels of the film grown at
00 ◦C and the results have been calibrated according to the C 1s
eak at ∼285 eV. The concentration of Ag in the film is calculated

o be 1.17 at%, agreeing well with that in the target. In Fig. 3, a
eak located at 367.45 eV is observed, which is characteristic of the
hemical state of Ag element. It is reported that the binding energy

ig. 3. XPS spectrum of Ag 3d core levels of the Ag-doped ZnMgO thin film grown
t  400 ◦C.
7.89 × 10 p
1.98 × 1016 p
2.85 × 1015 p

of Ag 3d5/2 is in the range from 368.1 to 368.4 eV for Ag0 and from
367.4 to 367.8 eV for Ag+ ions, respectively [23,24]. Therefore, the
367.45 eV peak can be assigned to AgZn–O bonds, indicating that
Ag may  principally occupy Zn sites in the state of Ag+ ions in the
Ag-doped ZnMgO film and act as acceptors.

Fig. 4 presents the room-temperature PL spectra of the Ag-doped
ZnMgO thin films as a function of substrate temperature. All the
films exhibit an intense emission peak in UV region and a broad
emission band in visible region. The peaks centered at about 358 nm
are attributed to the excitonic near-band-edge (NBE) emission. It is
found that the intensity of the narrow NBE emission peaks becomes
more intense and sharper with increasing substrate temperature,
reaches a maximum value at 400 ◦C, and then decreases gradually
as the substrate temperature further increases. However, the inten-
sity of the broad green (GB) emission peaks centered at 550 nm
first decreases and then increases with increasing substrate tem-
perature, as clearly seen in Fig. 4. It is well known that such broad
deep level emission is closely related to the intrinsic defects, such
as Zn interstitial (Zni), oxygen vacancy (VO) and Zn antisite (OZn),
which are believed to act as donor defects [25,26].  According to
the above analysis, we deduce that suitable substrate temperature
will be helpful in the suppression of oxygen-related defects and be
more favorable for the formation of p-type conduction. Note that
the film grown at 400 ◦C shows the strongest NBE emission and
weakest GB emission, suggesting the optimized p-type conduction
can be obtained at such temperature. The results are consistent
with the XRD and Hall measurements.

To verify the p-type conduction of the Ag-doped ZnMgO thin
films we obtained, a p-i-n structured heterojunction combining
with an intrinsic ZnO buffer layer was made by layer-by-layer
growth, and the schematic illustration of the p-i-n junction is
shown in the bottom right inset in Fig. 5. The electron con-
intrinsic ZnO (i-ZnO) layer are approximately 9.77 × 10 cm
and 4.47 × 1015 cm−3, respectively. After that, Ag-doped p-ZnMgO
film was  grown on the i-ZnO layer. The thicknesses of the three

Fig. 4. Room-temperature PL spectra of Ag-doped ZnMgO thin films deposited at
different substrate temperatures.
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Fig. 5. I–V characteristics of a p-i-n structured Ag-doped ZnMgO/i-ZnO/Al-doped
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nMgO heterojunction. The insets show their schematic diagram and the I–V curves
f  the Ni/Au contact to the p-type Ag-doped ZnMgO layer and the In contact to the
-type Al-doped ZnMgO layer.

ayers are 300, 50, and 300 nm,  respectively. Au/Ni and indium
etal were deposited onto the p-type Ag-doped ZnMgO layer and

-type Al-doped ZnMgO layer, respectively, acting as electrodes.
he I–V curve of the structure is shown in Fig. 5. Obvious rectifying
ehaviors with a turn-on voltage of approximately 3 V are observed
rom the curve. Note that both the I–V curves of the contacts on the
-type and n-type layers are beelines, as shown in the upper left

nset of Fig. 5, revealing that both electrodes on n-type and p-type
nO layers are ohmic contacts. The above facts indicate that the rec-
ifying behavior observed in the I–V curve of the p-i-n structured
eterojunction originates from the junction instead of the Schottky
ontacts [27,28].

. Conclusions

In summary, p-type Ag-doped ZnMgO thin films had been pre-
ared on quartz substrates by pulsed laser deposition in oxygen
mbient using the sintered ZnO target containing 10 at% MgO  and
.5 at% Ag2O. The film prepared at 400 ◦C had the best crystal qual-

ty and showed p-type conduction with a resistivity of 24.96 � cm,
 Hall mobility of 0.32 cm2 V−1 s−1, and a hole concentration of
.89 × 1017 cm−3 at room temperature. SIMS and XPS measure-

ents showed that Ag had been incorporated in to the films and

rincipally occupied Zn sites in the state of Ag+ ions. The forma-
ion of good p-type conduction in this film is closely related to the
ncrease of substitutional-Ag (AgZn) density and the suppression of

[
[

[
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the oxygen-related defects. A heterojunction based on Ag-doped
ZnMgO/i-ZnO/Al-doped ZnMgO showed obvious rectifying behav-
iors with a turn-on voltage of approximately 3 V. These results will
represent meaning steps for ZnO/ZnMgO superlattices, quantum
wells, and UV optoelectronic devices.
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