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a b s t r a c t

Thin crystalline films of zinc oxide (ZnO) of high quality have been grown epitaxially on a (0 0 0 1) c-plane
of a sapphire substrate with atomic layer deposition (ALD) at extra-low temperature. With diethylzinc
eywords:
nO
tomic layer deposition
low-rate interruption
-ray diffraction

(DEZn) and deionized water as precursors in combination with interrupted flow, we obtained ZnO thin
films with an optimal growth window in a range 25–160 ◦C, so effectively lowering the growth tempera-
ture by about 120 ◦C relative to the conventional method involving a continuous-flow. We characterized
the microstructure of these films with X-ray reflectivity and high-resolution X-ray diffraction (XRD) mea-
surements. The XRD results indicate that the stock time might extend the reaction of DEZn and water
through an increased duration. This low temperature for growth results in increased crystalline quality

iative
and reduced the non-rad

. Introduction

Zinc oxide (ZnO) has attracted much attention because of its
irect wide band gap, Eg = 3.4 eV near 295 K, and large exciton
inding energy, ∼60 meV [1], which is about three times that of
aN [2]. The doped ZnO is a prospective material for applica-

ions such as light-emitting diodes (LED), field-effect transistors
FET), UV lasers operating near 295 K, gas sensors, piezoelectric
ransducers, transparent electronic circuits, surface-acoustic-wave
evices, solar cells, and spintronics [3–10]. A requisite for an
pplication in optoelectronics is doping ZnO of both n- and p-
ypes. A great extent of electron doping in nominally undoped
nO is attributed to the presence of zinc interstitials, oxygen
acancies and hydrogen. Incorporated carbonates and hydrogen
arbonates have also been suggested to contribute to the n-type
onductivity of ZnO films as grown [11]. These defects, producing
eavy n-type doping, introduce shallow donor levels approxi-

ately 0.01–0.05 eV below the conduction-band minimum of ZnO

3,4]. ZnO thin films are prepared with various techniques such as
he sol–gel method, radio-frequency magnetron sputtering [12,13],
ulsed laser deposition [14,15], oxidation of zinc-based materials
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recombination process to enhance the optical properties of ZnO films.
© 2009 Elsevier B.V. All rights reserved.

[16,17], metallorganic chemical-vapor deposition (MOCVD) [18],
molecular-beam epitaxy (MBE) [19,20], or atomic layer deposition
(ALD) [21–24].

Growing ZnO at a low temperature is crucial to avoid foreign
phases in a material doped with a transition metal [25], and such
growth makes possible the obtaining of ZnO on flexible or organic
substrates. The concentration of free carriers in a ZnO thin film
depends strongly on the growth method and the parameters used
in that process. The most important factor that influences the elec-
tric parameters of a ZnO thin film is the temperature of its growth,
as it controls the thermodynamics of that process [26]. Deposi-
tion at a high temperature can intensify the formation of oxygen
vacancies and so contribute to a high level of n-electron doping.
This point has not been explored seriously as most efforts were
concentrated on obtaining ZnO films of high structural quality,
which requires a high growth temperature. The potential for flex-
ible, light-weight and mechanically strong electronics based on
plastic substrates has, however, motivated intensive research on
materials that can be grown at a low temperature. Plastic sub-
strates, such as polyethylene terephthalate, limit the processing of a
device to 150 ◦C, which makes silicon-based electronics incompat-
ible with plastic substrates. Organic semiconductors that degrade
under normal atmospheric conditions [27] require an application

of protective layers. In these circumstances the possibility of low
temperature processes makes ZnO an attractive material for trans-
parent thin film transistors (TFT).

Polycrystalline or highly orientated ZnO films can be grown on
(0 0 0 1) sapphire substrates using conventional ALD at tempera-
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ig. 1. (a) Schematic diagram of the ALD system. (b) Time table of continuous-flow
ype ALD, stock mode in steps 3 and 7 are stock intervals of the precursors.

ures in a range 70–300 ◦C [28,29]. ALD involves a self-limiting
apor-phase chemisorption that relies on consecutive surface reac-
ions and utilizes critical purge steps to prevent interactions
etween reactive precursors [30]. According to conventional ALD,
recursors are introduced sequentially into a growth chamber, and
ycles of precursor dosing are interrupted by periods of purging
ith an inert gas such as nitrogen. All processes involve sustained
umping to evacuate superfluous reactants. This method is thus
alled ‘continuous-flow’ or ‘flow-type’ ALD. This ALD is superior
t low temperature to other deposition methods, but temperature
s also an important factor controlling preferred orientation [31].
his reason might be that the thermal budget is insufficient at very
ow temperatures. To obtain epitaxial ZnO films of high quality at
ow temperature, we developed a novel ALD process with flow-
ate interruption (FRI) for which we have installed an extra quick
LD diaphragm valve between the reactor and the pump. The valve

s closed first before a precursor is introduced into the reactor to
etain a precursor in the reactor chamber. The main influences of
his step are to enhance the precursor density in the reactor and
o extend the duration of reaction at the sample surface; these two
ffects might increase the rate of reaction at low temperatures. The
nterval during which a reactant held in the reaction chamber is
alled the stock period. A schematic diagram of the ALD system and a
ow-chart comparison between continuous-flow (called non-stock
ode) and FRI (called stock mode) appear in Fig. 1. The main dif-

erence between the stock mode (as shown in Fig. 1(c)) and the
on-stock mode (Fig. 1(b)) is that pumping is interrupted and stock
teps are added in the stock mode.

. Experimental
In this work, the pulse durations of water, 15 ms, and of DEZn, 10 ms, were the
ame for both growth modes; the stock period was 3 s for both water and DEZn in
he stock mode. All other conditions for both modes and precursors were identical.
he purge and pumping periods were 10 and 6 s, respectively; the purge pressure
as set to 2 torr. All samples were grown with 200 ALD cycles to a total thickness

bout 50–80 nm.
ALD for comparison of stock mode with non-stock mode. (c) Time table of flow-rate

X-ray diffraction measurements were obtained by a Mac Science M18XHF X-ray
powder diffractometer using Cu K� radiation in the X-ray laboratory at National
Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. The in-plane
structure was characterized also on measuring the crystal truncation-rod (CTR)
intensity with a synchrotron X-ray source; these synchrotron experiments were
performed at wiggler beamline BL-17B1 of NSRRC. Using two pairs of slits between
the sample and detector provided a typical wave vector resolution ∼0.001 nm−1 in
the vertical scattering plane in this experiment. For PL measurements near 25 ◦C,
a He–Cd laser (325 nm, IK3252R-E, Kimmon) served as an excitation source and a
liquid-nitrogen cooled UV-enhanced CCD (spec-10, Princeton Instruments) as detec-
tor after a monochromator (0.5 m, SP-2558A, Acton) with 10 �m entrance slit for
0.02 nm spectrum resolution.

3. Results and discussion

Fig. 2(a) shows XRD patterns measured from a radial scan
(�–2� scan) along the surface normal of ZnO films grown at var-
ied substrate temperatures. These XRD results display only the
ZnO (0 0 2) reflection maximum of the non-stock mode at a low
growth temperature, but a (1 0 1) signal appeared when the growth
temperature increased above 100 ◦C. A small thermal budget pre-
cludes deposition on sapphire near 25 ◦C in the non-stock mode. In
contrast, ZnO films developed in the stock mode not only had an
enhanced (0 0 2) signal but also suppressed the (1 0 1) phase until
the growth temperature was greater than 180 ◦C. The integrated
intensity of the ZnO (0 0 2) signal was enhanced in the overall tem-
perature range, increased rapidly from 80 to 40 ◦C and exhibited
a maximum at 40 ◦C. The intensity in the stock mode was almost
16 times that in the non-stock mode at 40 ◦C. The stock mode also
diminished the full width at half maximum (FWHM) of the (0 0 2)
signal as shown in Fig. 2(c). Our results demonstrate clearly that
adding a stock period to the growth can improve the crystal quality

of the films and enlarge the range of the growth window.

We estimated the size of grains in ZnO thin films according to
Scherrer’s formula. The size of grains in the ZnO film obtained in the
stock mode is approximately ∼50 nm, hence near the total thick-
ness of the ZnO film, whereas the size of grains in the non-stock
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Fig. 2. XRD results for ZnO films deposited at varied substrate temperature: (a) X-
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Fig. 3. (1 1 3) off-normal h k l scans; inset shows an azimuthal scan (˚ scan) of both
sapphire (1 1 3) and ZnO (1 0 1) Bragg signals for a ZnO film grown at 40 ◦C in the
stock mode.
ay intensity distribution measured from a radial scan (�–2� scan) along the surface
ormal of ZnO films, (b) integrated intensity of (0 0 2) Bragg signal, and (c) FWHM
f (0 0 2) Bragg signal.

ode is ∼25 nm. This evidence might explain how the stock mode
uppresses the (1 0 1) phase through a single domain from the inter-
ace to the film surface. A XRD scan in the normal direction showed
hat the ZnO �c-axis was well aligned to the substrate surface. We
nspected also the off-normal scan to examine the epitaxial rela-
ionship between the film and the substrate. Fig. 3 shows a sapphire
1 1 3) scan along the Miller index of reciprocal lattice space and the
-axis show in the h index of reciprocal lattice units (r.l.u.) referred
o the sapphire substrate. A broad feature coexists with a narrow
ragg line, which originates from the sapphire substrate; this broad

eature, indicated by arrows in Fig. 3, is ascribed to the ZnO (1 0 1)
ragg signal of the deposited layer, which is confirmed by the vari-
tion of relative intensity between the two peaks as a function of
ngle of X-ray incidence. Azimuthal scans of a deposited film near
ZnO (1 0 1) surface signal and the sapphire (1 1 3) substrate Bragg

ignal, as shown in the inset of Fig. 3, clearly exhibit sixfold symme-

ry with the same orientation. No other feature was observed in the
ntervals between the six signals, indicating an effective alignment
f �a and �b axes of ZnO unit cells along those of the Al2O3 substrate.
hese results provide not only firm evidence for a strongly epitaxial

Fig. 4. PL measurements of a ZnO film deposited at varied substrate temperature for
(a) PL intensity, (b) integrated near-band-edge emission intensity, and (c) position.
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ayer having been deposited on the substrate but also the first evi-
ence that effective epitaxial ZnO films can be formed on a (0 0 0 1)
-plane sapphire substrate in the ALD region with a FRI method for
rowth in a temperature range 25–160 ◦C.

PL tests show that a strong, near-band-edge (NBE) excitonic
mission is observed near 25 ◦C for all investigated ZnO films
eposited at various substrate temperatures. Fig. 4(a) shows the
L intensity of a sample in the stock mode that increased appre-
iably for a growth from 60 to 180 ◦C relative to a sample in the
on-stock mode, with a result summary in Fig. 4(b). The PL spectra
f all samples prepared in both stock and non-stock modes show no
ignificant other defect-related emission feature, even though the
CD had adequate quantum efficiency in this region, which demon-
trates that the ZnO thin films were satisfactory, in agreement with
RD results. Moreover, the notable promotion of intensity in the
tock mode from 25 to 100 ◦C and the red shift of the NBE posi-
ion (Fig. 4c) showing an opposite trend might be attributed to an
ncorporation at a low temperature of hydrogen atoms as a shal-
ow donor to enhance carrier recombination and cause a red shift
f NBE [32,33].

. Conclusion

In summary, we grew ZnO epitaxial films using ALD with the
RI method at 25 ◦C. The XRD results indicate that the stock time
ight extend the reaction chain of DEZn and water through an

ncreased duration of reaction and enhance the rate of reaction at
greater pressure in the chamber. The PL results exhibit strong

xciton emission enhanced as a small thermal energy might impede
elf-compensation between Zn and O so as to decrease the density
f defects in ZnO thin films.

cknowledgement

National Science Council of the Republic of China, Taiwan, pro-
ided support under contract NSC 97-2221-E-213-001 and NSC
7-2120-M-001-007.
eferences

[1] A. Mang, K. Reimann, S. Rubenacke, Solid State Commun. 94 (1995) 251.
[2] H.S. Kang, J.S. Kang, J.W. Kim, S.Y. Lee, J. Appl. Phys. 95 (2003) 1246.

[

[

d Physics 120 (2010) 236–239 239

[3] S.J. Pearton, D.P. Norton, K. Ip, Y.W. Heo, T. Steiner, Superlattices Microstruct.
34 (2003) 3.

[4] Ü. Özgür, Ya.I. Alivov, C. Liu, A. Teke, M. Reshchikov, S. Dogan, V. Avrutin, S.-J.
Cho, H. Morkoc, J. Appl. Phys. 98 (2005) 041301.

[5] D.C. Reynolds, D.C. Look, B. Jogai, Solid State Commun. 99 (1996) 873.
[6] M. Wraback, H. Shen, S. Liang, C.R. Gorla, Y. Lu, Appl. Phys. Lett. 74 (1999) 507.
[7] D.C. Look, D.C. Reynolds, J.W. Hemsky, R.L. Jones, J.R. Sizelove, Appl. Phys. Lett.

75 (1999) 811.
[8] W.Z. Xu, Z.Z. Ye, Y.J. Zeng, L.P. Zhu, B.H. Zhao, L. Jiang, J.G. Lu, H.P. He, S.B. Zhang,

Appl. Phys. Lett. 88 (2006) 173506.
[9] P.F. Carcia, R.S. McLean, M.H. Reilly, Appl. Phys. Lett. 88 (2006) 123509.
10] Z.K. Tang, G.K.L. Wong, P. Yu, M. Kawasaki, A. Ohtomo, H. Koinuma, Y. Segawa,

Appl. Phys. Lett. 72 (1998) 3270.
11] K.G. Saw, K. Ibrahim, Y.T. Lim, M.K. Chai, Thin Solid Films 515 (2007) 2879.
12] T. Hiramatsu, M. Furuta, H. Furuta, T. Matsuda, T. Hirao, Jpn. J. Appl. Phys. Part

1 46 (2007) 3319.
13] L. Jianguo, Z. Yinzhu, Y. Zhizhen, W. Lei, Z. Binghui, H. Jinhyun, Mater. Lett. 57

(2003) 3311.
14] S. Masuda, K. Kitamura, Y. Okumura, S. Miyatake, J. Appl. Phys. 93 (2003)

1624.
15] J. Siddiqui, E. Cagin, D. Chen, J.D. Phillips, Appl. Phys. Lett. 88 (2006) 212903.
16] E. Kaminska, A. Piotrowska, J. Kossut, A. Barcz, R. Butkute, W. Dobrowlski,

E. Dynowska, R. Jakiela, E. Przezdziecka, R. Lukasiewicz, M. Aleszkiewicz, P.
Wojnar, E. Kowalczyk, Solid State Commun. 135 (2005) 11.

17] E. Przezdziecka, E. Kaminska, I. Pasternak, A. Piotrowska, J. Kossut, Phys. Rev. B
76 (2007) 193303.

18] L. Xiaonan, S.E. Asher, S. Limpijumnong, B.M. Keyes, C.L. Perkins, T.M. Barnes,
H.R. Moutinho, J.M. Luther, S.B. Zhang, S.H.S. Wei, T.J. Coutts, J. Cryst. Growth
287 (2006) 94.

19] D.C. Look, D.C. Reynolds, C.W. Litton, R.L. Jones, D.B. Eason, G. Cantwell, Appl.
Phys. Lett. 81 (2002) 1830.

20] F.X. Xiu, Z. Yang, L.J. Mandalapu, D.T. Zhao, J.L. Liu, W.P. Beyermann, Appl. Phys.
Lett. 87 (2005) 152101.

21] A. Wojcik, M. Godlewski, E. Guziewicz, R. Minikayev, W. Paszkowicz, J. Cryst.
Growth 310 (2008) 284.

22] J. Lim, C. Lee, Thin Solid Films 515 (2007) 3335.
23] J. Lim, K. Shin, H.W. Kim, C. Lee, J. Lumin. 109 (2004) 181.
24] S.K. Kim, C.S. Hwang, S.-H.K. Park, S.J. Yun, Thin Solid Films 478 (2005) 103.
25] A. Wojcik, M. Godlewski, E. Guziewicz, K. Kopalko, R. Jakiela, M. Kiecana, M.

Sawicki, M. Guziewicz, M. Putkonen, L. Niinisto, Y. Dumont, N. Keller, Appl.
Phys. Lett. 90 (2007) 082502.

26] C.G. Van der Walle, R.A. Street, Phys. Rev. B 51 (1995) 10615.
27] Z. Bao, A.J. Lovinger, J. Brown, J. Am. Chem. Soc. 120 (1998) 207.
28] J. Sunyeol, B. Seokhwan, L. Seungjun, K. Semyung, J. Wooho, J. Hyeongtag, C.H.

Jung, P.H. Ho, J. Electrochem. Soc. 155 (2008) H738.
29] S.Y. Pung, K.L. Choy, X. Hou, C. Shan, Nanotechnology 19 (2008) 435609.
30] S.M. George, A.W. Ott, J.W. Klaus, J. Phys. Chem. 100 (1996) 13121.
31] P. Swee-Yong, C. Kwang-Leong, H. Xianghui, S. Chongxin, Nanotechnology 19
(2008) 435609.
32] M.D. Groner, F.H. Fabreguette, J.W. Elam, S.M. George, Chem. Mater. 16 (2004)

639.
33] B.K. Meyer, H. Alves, D.M. Hofmann, W. Kriegseis, D. Forster, F. Bertram, J. Chris-

ten, A. Hoffmann, M. Straßurg, M. Dworzak, U. Haboeck, A.V. Rodina, Phys. Stat.
Sol. (b) 241 (2004) 231.


	Epitaxial growth of ZnO films at extremely low temperature by atomic layer deposition with interrupted flow
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgement
	References


