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Effect of Si substrate on the properties of p-type

ZnO:Ag films
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p-type ZnO:Ag (SZO) films were deposited on Si (100) and glass substrates using RF magnetron sputtering. We observed
the hole concentration and the solid solubility of Ag in SZO on Si are both higher than those in SZO on glass. Secondary ion
mass spectroscopy (SIMS) measurement indicates the improvements were likely to be attributed to the lattice mismatch
between Si and SZO. Furthermore, current-voltage (I-V) measurement shows the electrical characteristic of ZnO/SZO
homojunction prepared on Si substrate is influenced by the deposition sequence. These results imply Si is a promising

substrate material for SZO-based optoelectronic devices.
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1. Introduction

ZnO is a promising semiconductor material for short
wavelength optoelectronic applications due to its wide
band gap and large exciton binding energy [1-5].
Preparation of p-type ZnO is one of the key points for the
realization of ZnO based devices. Group Ia elements (such
as Li and Na) are possible p-type doping candidates but
they tend to occupy interstitial sites rather than
substitutional sites, thereby serve mainly as donors [6, 7].
Recently, Ag has been receiving attention as a good
acceptor candidate for p-type ZnO [8-14]. Intuitively, Ag"
is hardly to be an interstitial ion because its ionic radius is
larger than that of Zn*". Yan et al. indicated the formation
energy for Agz, is lower than that for Ag;, based on
first-principles calculations [8]. Similarly results were also
obtained by Wan et al. [9]. Moreover, p-type SZO films
were successfully fabricated by sputtering, pulsed laser
deposition or E-beam evaporation [10-14]. These works
showed SZO is a promising p-type material.

In many studies, pure or doped ZnO films are grown
on sapphire substrates. However, sapphire is an
electrically insulating material, so it introduces complexity
to device fabrication processes when grown crystals are
applied to light-emitting devices. Silicon has been widely
used as a substrate for ZnO deposition due to many
advantages such as low cost, large wafer size, and easy
transformation into electronic device [15-19]. In this study,
we observed the hole concentration and the solid solubility
of Ag in SZO on Si are both higher than those in SZO on
glass. ZnO/SZO homojunctions prepared on Si substrates
were also studied. These results imply Si may be a more
valuable substrate material candidate for p-type SZO
films.

2. Experimental

Zn0O/SZO films were grown on Si or glass substrates
by RF magnetron sputtering. The Si substrates were n-Si
(100) with resistivity of 80-120 Qcm. The sputtering
targets for SZO films were disks of ceramic ZnO (99.99%
purity) dispersed by silver dots (99.999% purity). For pure
ZnO film, a disk of pure ceramic ZnO target was used.
The base pressure in the deposition chamber was 1.4x107
Torr. Ar and O, with the volume ratio of 1:2 were used as
the working gas at a total pressure of 3.0x10? Torr. The
sputtering power was 100 W and the film thickness of
samples was about 1000 nm. After growth, the samples
were annealed at 600 °C in pure O, ambience for 2 hours.
The crystal structure of the films was characterized by
X-ray diffraction (XRD). Electrical properties of films
were measured by a Hall automatic measuring system
using the Van Der Pauw technique. The elemental
distribution of Ag was obtained by performing SIMS
measurements.

3. Results and discussion

Fig. 1 shows XRD patterns of SZO and pure ZnO
films. Only ZnO (002) diffraction peak is observed in each
film, indicating a strong preferential c-axis orientation.
The ZnO (002) peaks of both pure ZnO films are at 34.40°.
The two SZO films were deposited on Si and glass
substrates respectively using the same ZnO target
(dispersed by 0.1% area silver dots). The angle shift of
ZnO (002) peak of each SZO film is caused by the
increase of lattice constant due to the substitution of Zn**
jons by Ag' ions.'"™'? It is noteworthy the diffraction angle
of ZnO (002) peak in Fig. 1(a) is a little lower than that in
Fig. 1(b), which implies there were more Agy, defects in
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SZO film on Si substrate. For comparison, the full-width
at half-maximum (FWHM) values of ZnO (002) peaks for
films before and after annealing are listed in Table 1. It
indicates the annealing process effectively improved the
crystallinity of all the films. Electrical properties of films
were also measured. The as-grown SZO films do not show
any conductivity. However, annealed SZO films show

Table 1. FWHM values of ZnO (002) peaks for films before

and after annealing.

p-type conductivity.

ZnO (002)
A34.18° (a) ZnO:Ag on Si
A34.22° (b) ZnO:Ag on glass

A34.40°

(c) ZnO on Si

XRD intensity (a.u.)

A34,40°

(d) ZnO on glass

as-grown (°) annealed (°)
ZnO on Si 0.50 0.31
ZnO on glass 0.49 0.29
SZO on Si 0.52 0.33
SZO on glass 0.56 0.35

Table 2 lists the electrical properties of SZO films on
Si and glass substrates. The two films have similar hall
mobilities. However, the carrier concentration of SZO on
Si is much higher than that of SZO on glass, which
indicates there were more Agyz, acceptors in SZO film on
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Si substrate.
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Fig. 1. X-ray diffraction patterns of Ag-doped/pure
ZnO films.
Table 2. Electrical properties of the SZO films.
o . carrier .
resistivity mobility . carrier
5 concentration
(Qcm) (cm™/Vs) 4 type
(cm ™)
SZO on Si 9.87 2.11 3.0x10" p
SZO on glass 15.97 2.06 1.9x10" p
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Fig. 2. SIMS depth profile for SZO films on different
substrates: (a) Si, and (b) glass.

The results of XRD and Hall Effect measurement
show that the p-type SZO film on Si substrate has higher
hole concentration. We suppose the improvements are
caused by the lattice mismatch between SZO and Si (100).
As we know, the lattice constant (for the “a” parameter) of
wurtzite ZnO is smaller than that of Si (100). It means
tensile strains exist in the ZnO films on Si (100) substrates.
Generally, tensile strains in film raise the system energy.
So the tensile strains could be relaxed by substituting
larger ions for smaller ones [20]. Thus, Agz, defects form
easily for improving the system stability because the ionic
radius of Ag” is larger than that of Zn*'. In order to test
this deduction, the elemental distribution of Ag was
obtained by performing SIMS measurements. It is clearly
the thickness of SZO films was about 1000 nm. Fig. 2 (a)
shows the Ag count of SZO films on Si considerably
increases from the surface of SZO to the SZO/Si interface.
On the other hand, Ag profile extends uniformly in the
SZO film on glass substrate, as shown in Fig. 2 (b). It is
completely consistent with our deduction.
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Fig. 3. (a) Ohmic contact between Ag electrode and SZO,
(b) schematic structure, (c) 1-V curves of ZnO junctions
on Si, and (d) on glass.

ZnO homojunctions were fabricated on Si or glass
substrates. The electrodes of SZO and pure ZnO were
silver and indium, respectively [21]. Fig. 3 (a) gives the
Ohmic contact between Ag and SZO. The schematic
structure of junctions is shown in Fig. 3 (b). The SZO
layer and pure ZnO layer were deposited in various
sequences. Fig. 3 (c) gives the I-V curves of ZnO junctions
on Si. Compared with the SZO/ZnO/Si structure, the
ZnO/SZO/Si structure shows a better rectifying behavior.
It implies the Si substrate can hardly improve the electrical
properties of p-type SZO film on pure ZnO “buffer layer”.
As shown in Fig. 3 (d), the two I-V curves of ZnO
junctions on glass are almost overlapping as expected.

These results shows the ZnO/SZO/Si is a potential
structure for ZnO based p-n junction device.
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Fig. 4. X-ray diffraction patterns of overdoped ZnO films.
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Fig. 5. XPS spectra of overdoped ZnO films on different
substrates: (a) Si, and (b) glass.

The solid solubility of acceptor element is another
important issue for p-type ZnO fabrication. Overdoping
generally does not increase the acceptor concentration but
causes new defects. It is adverse to the electrical properties
of p-type ZnO. So the maximal hole concentration of ZnO
is limited by the solid solubility of acceptor element.
Higher solid solubility of Ag in SZO is valuable especially
for heavy doped ZnO based device. The solid solubility of
Ag in SZO is studied using XRD. SZO films were
deposited on Si and glass substrates using ZnO targets
dispersed by 0.1%, 0.15% and 0.2% area silver dots,
respectively. Fig. 4 (a) shows the Ag,O peaks in
overdoped SZO film on Si substrate, which means Ag
supersaturation appeared. Ag supersaturation in SZO on Si
was not observed until the Ag area of target was expanded
to 0.2%. On the other hand, Ag supersaturation was
observed in SZO deposited on glass using ZnO target
dispersed by 0.15% area silver dots, as shown in Fig. 4 (b).
These results indicate the solid solubility of Ag in SZO is
also improved by Si substrate addition. XPS measurement



Effect of Si substrate on the properties of p-type ZnO:Ag films 1611

was used for characterization of the overdoped ZnO films
as shown in Fig. 5. The Ag 3ds,, peaks at 367.7¢V and Ag
3d;, peaks at 373.7 eV were observed in each sample,
indicating the existence of Ag,O [10, 22, 23].

4. Conclusions

In summary, the effect of Si and glass substrates on
structural and electrical properties of p-type SZO films is
investigated. Results show the hole concentration and the
solid solubility of Ag in SZO on Si are both higher than
those in SZO on glass. The valuable improvement is likely
caused by the lattice mismatch between SZO and Si (100).
[-V measurements show the ZnO/SZO/Si has better
junction characteristic than other three SZO/ZnO
homostructures. These results indicate Si may be a
promising substrate material for SZO based devices.

References

[1] D. M. Bagnall, Y. F. Chen, Z. Zhu, T. Yao,

S. Koyama, M. Y. Shen, T. Goto, Appl. Phys. Lett.
70, 2230 (1997).

[2]P. Yu, Z. K. Tang, G. K. L. Wong, M. Kawasaki,

A. Ohtomo, H. Koinuma, Y. Segawa, Solid State
Commun. 103, 459 (1997).

[3] D. C. Look, D. C. Reynolds, J. R. Sizelove, R. L.
Jones, C. W. Litton, G. Cantwell, W. C. Harsch, Solid
State Commun. 150, 399 (1998).

[4] D. C. Look, Mater. Sci. Eng. B 80, 383 (2001).

[5] S. J. Pearton, D. P. Norton, K. Ip, Y. W. Heo, T.
Steiner, Prog. Mater. Sci. 50, 293 (2005).

[6] C. H. Park, S. B. Zhang, S. Wei, Phys. Rev. B 66,
073202 (2002).

[7] D. C. Look, R. L. Jones, J. R. Sizelove, N. Y. Garces,
N. C. Giles, L. E. Halliburton, Phys. Status Solidi A
195, 171 (2003).

[81Y. Yan, M. M. Al-Jassim, S. Wei, Appl. Phys. Lett.
89, 181912 (2006).

[9] Q. Wan, Z. Xiong, J. Dai, J. Rao, F. Jiang, Opt.
Mater. 30, 817 (2008).

[10] L. Duan, B. X. Lin, W. Y. Zhang, S. Zhong, Z. X. Fu,
Appl. Phys. Lett. 88, 232110 (2006).

[11] L. Duan, W. Gao, R. Chen, Z. X. Fu, Solid State
Commun. 145, 479 (2008).

[12] H. S. Kang, B. D. Ahn, J. H. Kim, G. H. Kim, S. H.
Lim, H. W. Chang, S. Y. Lee, Appl. Phys. Lett. 88,
202108 (2006).

[13]1R. Deng, Y. Zou, H. Tang, Physica B 403, 2004
(2008).

[14] 1. S. Kim, E. Jeong, D. Y. Kim, M. Kumar, S. Choi,
Appl. Surf. Sci. 255, 4011 (2009).

[15] Z. X. Fu, B. X. Lin, Y. B. Jia, Appl. Phys. Lett.

79, 943 (2001).

[16] W. 1. Park, G. C. Yi, M. Kim, S. J. Pennycook, Adv.
Mater. 14, 1841 (2002).

[17]1Y. Sun, G. M. Fuge, N. A. Fox, D. J. Riley, M. N. R.
Ashfold, Adv. Mater. 17, 2477 (2005).

[18] M. H. Cho, G. H. Lee, thin solid films 516, 5877
(2008).

[19] S. Mridha, M. Dutta, Durga Basak, J. Mater.
Sci-Mater. El. 20 376 (2009).

[20] Z. X. Fu, X. K. Sun, J. J. Zhu, B. X. Lin, Chinese
J. Semiconductors 27, 239 (2006).

[21] T. Akane, K. Sugioka, K. Midorikawa, J. Vac. Sci.
Technol. B 18, 1406 (2000).

[22]L.J. Sun, J. Hu, H. Y. He, X. P. Wu, X. Q. Xu, B. X.
Lin, Z. X. Fu, B. C. Pan, Solid State Commun. 149,
1663 (2009).

[23]1Y. Chen, X. L. Xu, G. H. Zhang, H. Xue, S. Y. Ma,
Physica B 404, 3645 (2009).

*Corresponding author: liduan@chd.edu.cn



