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Growth of high quality ZnO thin films at low temperature on Si (100)
substrates by plasma enhanced chemical vapor deposition

B. S. Li, Y. C. Liu,® D. Z. Shen, Y. M. Lu, J. Y. Zhang, X. G. Kong, and X. W. Fan

Open Laboratory of Excited State Processes, Chinese Academy of Sciences, Changchun Institute of Optics,
Fine Mechanics and Physics, Chinese Academy of Sciences, 1-Yan An Road Changchun 130021,

People’s Republic of China

Z. Z. Zhi
Institute of Theoretical Physics, Northeast Normal University, Changchun 130024, People’s Republic of
China

(Received 24 May 2001; accepted 5 November 2001

High quality ZnO thin films with a-axis-orientated wurtize structure have been grown or{E08i
substrate by plasma enhanced chemical vapor deposition using a zinc organid Zofegs), |

and carbon dioxide (C£) gas mixture at low temperature. The dependence of ZnO thin-film quality
on the gas flow rate ratio of Zng€ls), to CO, (GFRRZQ is studied by x-ray diffractioiXRD),

optical transmission specti®TS), and photoluminescence spectfl). The optical properties
show that the GFRRZC has an obvious effect on the band gap of ZnO films. The relationship
between the quality of the ZnO thin films and the substrate temperatures is also studied by XRD and
PL spectra. The XRD spectra show that the full width at half maxinfeWHM) of the diffraction

peak at 34.42° 0f0002 oriented ZnO is 0.25° at the optimized condition, indicating the formation
of high quality ZnO films. The PL spectra show a strong excitonic emission at about 3.26 eV
without the emission around 2.5 eV related to deep-level defects, implying the formation of the
stoichiometric ZnO thin films. The smallest FWHM of the PL spectrum of a ZnO thin film is 111
meV at room temperature. @002 American Vacuum SocietyDOI: 10.1116/1.1430427

[. INTRODUCTION knowledge, there are few papers dealing with the growth of
ZnO thin films on a Si substraté;!® in particular, the
Recently much attention has been paid to short wavegrowth of ZnO thin films on a Si substrate by PECVD. The
length lasers for use in high density information stor&gdt  growth of ZnO thin films on Si substrates using PECVD has
is widely accepted that ZnO is the most promising materialn obvious advantage in that the plasma may remove the
for realizing an ultraviolet laser at room temperature due taxide layer on the Si surface, which is crucial when prepar-
its wide direct band gapgg=3.3 eV) with a large excitonic ing high quality ZnO thin films. In this article, two sets of
binding energy of 60 meV at room temperatdréTo obtain  samples have been successfully grown to study the substrate
high quality ZnO thin films, a variety of techniques may betemperature and the effect of the gas flow rate ratio of
used such as molecular-beam epitékynetalorganic chemi- Zn(C,Hs), to CO, (GFRRZQ on the sample quality. The
cal vapor deposition(MOCVD),2 magnetron sputtering!®  properties of the ZnO thin films are studied employing x-ray
and pulsed laser depositidrfor example. In the present ar- diffraction (XRD), optical transmission spect(®TS), and
ticle, plasma-enhanced chemical vapor depositPECVD)  photoluminescencéPL) spectra.
is employed to prepare ZnO thin films using a zinc organic
source Zn(GHs), and CQ gas mixtures.
PECVD has several advantages in preparing ZnO thin|, EXPERIMENTAL PROCEDURE
films. The quality of the thin film can be improved by a film ) ) o
densification process induced by plasma bombardment and Figure 1 is the schematic diagram of the PECVD system.
ultraviolet irradiationt? Furthermore, the low energy plasma | N€ flow rate of the two gases is controlled by different gas

can enhance the interface reaction. The Z#g}, and CQ floyvmgters. The gas flow rate of diethylzinc is controlled by
are decomposed by high energy electrons in the p|asmgdjust|ng the gas flow rate of hydrogen due to the low vapor

Thus, the growth can be carried out at low temperature, evefl€ssSUre of Zn(gHs)s. The Si subst.rates are ghem|cally
at room temperature. The growth at low temperature Wi”treated by a standard Radio Corporation of America cleaning

7 . .
reduce the strain effect caused by the different thermal exprr?_cﬁsﬁ befc;)re kbelng O:oaded Into ftlhe grhovvth _ﬁhsmber
pansions of the deposited layer and the substrate. which has a background pressure ot 1ess thanl @ a .
There is much interest in obtaining materials on Si sub-A]cter the argon and hydrogen are let into the chamber, the Si

strates to realize optoelectronic integration. However, to OuEubstrate is heated to a fixed temperature, which is monitored
y a cuprum-constantan thermocouple. Then, the argon and

3 Autor to whom all correspondence should be addressed; also at: Institute é}ydmgen p.Iasma induced by the rf.ﬁeld of 13.56 MHz .IS
Theoretical Physics, Northeast Normal University, Changchun 130024c0Nnducted 'n.the Chamber for. 15 min to remove the O.X'de
People’s Republic of China; electronic mail: ycliu@nenu.edu.cn layers. The diethylzinc source is packaged in a steel cylinder
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electrode TasLE Il. Deposition conditions of ZnO thin films with different substrate
H, temperatures.
I Temperature of the Gas flow rate of
sample Sample  substratg°C) (rf) power(W) GFRRZC argon(sccm
Zn(C,Hs), " Plasma A 60 35 4:5 4
At6°C chamber B 100 35 4:5 4
] C 140 35 4:5 4
D 180 35 4:5 4
L E 230 35 4:5 4
co,
Arl Pumping
—> system

GFRRZCs are 1:0.5 and 1:1, there are four diffraction peaks,
as shown in Figs. (@), and 2Zb), indicating multiorientation.
When the GFRRZC is increased to 1:2 {8602 diffraction
peak dominates the spectrum with very weak diffractions
cool well and is kept refrigerated at 6 °C by a CW-1 type finefrom the (1020 and (1030 orientations. A preferred0002
controlled temperature semiconductor device. orientation ZnO thin film is obtained when the GFRRZC is
Generally, both the gas flow rate ratio and the substraté:3. Additionally, with increasing C§ the full width at half
temperature will influence the sample quality. To clarify the maximum (FWHM) of the diffraction peak at 34.42° of
two effects and to find the optimal growth conditions, two (0002 oriented ZnO becomes smaller. FWHMs of samples
series of samples have been grown. The pressure in th& B, C, and D are 0.57°, 0.47°, 0.27° and 0.25°, respec-
chamber varied from 80—100 Pa during the GFRRZC experitively. According to the Scherrer formufté:
ment, and the pressure was held at 120 Pa in the changing-
temperature experiment. The detailed growth conditions are @

listed in Tables I and Table II. _ whered, \, 6, andB are the mean grain size, the x-ray wave-
The crystalline quality of the ZnO layers was examinediength of 1.54 A, Bragg diffraction angle, and the linewidth
by XRD using a rotating anode x-ray diffractometer with Cu gt half maximum of the peak at around 34.42°, respectively.
Ka, radiation of 1.54 A.The OTS were measured by a UV-The mean grain sizes of samples A, B, C, and D are 15 nm,
360 Recording Spectrophotomet&@himadzy at room tem- 18 ;32 nm, and 35 nm, respectively. Because oxygen ions
perature. A deuterium lamp was the light source with they, ragicals result from the decomposition of §Gncreasing
wavelength range of 200 to 460 nm. The_agngls were dege CQ, supply will create more oxygen ions and atoms.
tected by an Retype photoelectric multiplier with a high 1y, there will be enough oxygen ions to react with the zinc

resolution of 0.1 nm. The PL spectra were measured using a8ns and form ordered ZnO thin films. However, if the sub-
UV Labran Infinity SpectrophotometefJ-Y Company,

French excited by a continuous He—Cd laser with a power
of 30 mW and detected by a charge coupled device camera
with a high resolution of 0.04 nm.

Fic. 1. Schematic diagram of the PECVD.

d=0.94\/B cos¥,

QO
N’

(;‘(1010)
L < (1020)

= ~(1030)

[ll. RESULTS AND DISCUSSION

A. Dependence of ZnO thin-film quality on the
GFRRzC

E y
-

-

To make the GFRRZC effect obvious, our samples were
grown at the fixed substrate temperature of 180 °C. Figures

Intensity(a.u.)

2(a)—2(d) shows the XRD spectra of the ZnO thin films C)
prepared by PECVD with different GFRRZCs. When the
N y o . d) |-8
TaBLE |. Deposition conditions of ZnO thin films with the gas flow ratio of -8
Zn(C,Hs) to CO, (GFRRZQ. e
Temperature of theGas flow rate of — T T
Sample GFRRZC (rf) power(W)  substratg°C) argon(sccm 30 40 50 60
A 105 35 180 4 2 0 (degree)
B 11 35 180 4
C 1:2 35 180 4 Fic. 2. XRD patterns of the ZnO thin films grown on &i00) substrates
D 1:3 35 180 4 under the different gas flow rate ratio of @3Hs), to CO, (GFRRZCS. (a)

1:0.5,(b) 1:1, (c) 1:2, and(d) 1:3.
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I d)
d - -~ 3.26 eV
20~ FWHM=111 meV /\
- i 1 L 1 i 1 1 1 L
the bulk band S5 [0
15 (9ap Eg=3.3 eV (U
~ | FWHM=148 meV
“ 10 l b -."‘;"#/.k | |
N - - —
»n |b)
(-
5t _.q_-] FWHM=154 mevV  / \
X E 1 1 1 e 1 1
. X TR KKK KKK R] a)
' 4 ' ' FWHM=172 meV
32 33 34 35 _____/\
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Photon Energy (eV)

Photon Energy (eV)

Fic. 3. Square of the absorption coefficient of ZnO thin films grown under
the different GFRRZCsa) 1:0.5,(b) 1:1, (¢) 1:2, and(d) 1:3.
Fic. 4. PL spectra of ZnO thin films grown at different GFRRZG3.1:0.5,
(b) 1:1, (c) 1:2, and(d) 1:3.

strate temperature is fixed at 230 °C, the ZnO thin films show
(0002 preferred orientation with all GFRRZCs. This will be B. C, and D are 172 meV, 154 meV, 148 meV, and 111 meV,

discussed later. . . : . .
The optical character of ZnO thin films is studied by respect_we_ly. With the increase of_(go_the orientation of the
L -2.Zn0 thin films, as well as the grain size, is improved. So the
transmission spectra. Here, we employ the characteristi . .
T WHMs of the PL spectra become narrower with the in-
function: . . . X
crease of intensity of the UV band emission, which comes
(ad)?chv—E, (2)  from free exciton recombinatio???? Another interesting

to calculate the band gap energy, whneis the energy of characteristic of the PL spectra is that no deep level emis-

photons, ancEy is the bulk band gape is the absorption S'ﬁns trhelate.d tod of>_<y_gen v.actﬁnues can be ICJblsDervhed, i\r/fn
coefficient which can be deduced from the transmission’ 'c (NEre IS a deliciency in the oxygen supply. Fernaps this

: : : : s due to the fact that oxygen vacancies can be terminated by
spectra with scattering from the film surface being neglecteof[.he excited hydrogen, which is helpful in obtaining the UV

The band gap of ZnO thin films is evaluated by extrapolating” ~ ="
the linear part of the curve to intercept the energy axis. withe Msston.
increasing carbon dioxide, the calculated band &gpin- _
creases and approaches the bulk band gap as shown in Fig.B3 Effect of the substrate temperature on the film
We believe the smaller band gap energy is caused by defec?é"a“ty
which exist between the grain surfaces because the films are Figures %b)—5(e) shows the XRD of the ZnO thin films
polycrystalline. The absorption spectrum can be interpretegrepared by PECVD at different temperatures with a fixed
as a combination of absorption from the band gap states arghs flow rate ratio of Zn(gs), to CO, (GFRRZQ of 4:5.
the defect states below the band gap. The larger the numbét a low substrate temperature, the ZnO thin films are poly-
of defect states, the smaller the calculated band gap. Thigystalline with different orientations, as shown in Fig&)4
also can be proved by the slope of the absorption edge of thend 4c¢). When the growth temperature reaches 170 °C, the
spectra. Here, we find the larger the slope, the larger thdiffraction peak 0f{0002 ZnO makes a dramatic increase. A
calculated band gap. We know the direct band gap semicorpreferred orientation of0002 is realized when the growth
ductor will have a very steep absorption edge because of itemperature reaches 230 °C, as shown in Fig). oreover,
large density of state®0S). However, the absorption of the the FWHM of (0002 ZnO at 34.42° decreases significantly
indirect gap semiconductor or defects is much less steep dueith increasing substrate temperature. The FWHMs of
to their smaller DOS. So the increased absorption of thesamples B, C, D, and E are 0.41°, 0.44°, 0.29° and 0.26°,
defects will make the absorption edge less steep. The absorpespectively. According to the Scherrer formifiahe mean
tion spectra are consistent with the results from XRD. Withgrain sizes of the samples B, C, D, and E are about 21 nm,
the increase of the C{flow rate, the crystal quality and the 20 nm, 30 nm, and 33 nm, respectively. The quality of the
grain size are improved. Thus, a reduction in the defect stateznO thin films is improved as the substrate temperature in-
will cause a steeper absorption edge. creases. The temperature dependence of the film quality can
Figure 4 is the PL spectra of ZnO thin films with different be interpreted mainly by the mobility and diffusion of the
GFRRZCs measured at room temperature. Only the UV banckactants. The reactants are decomposed by the plasma and
emission can be observed. With the GFRRZCs increasingre adsorbed on the substrate and diffuse into the substrate
from 1:0.5 to 1:3, the FWHMs of the PL spectra becomesurface to form ZnO films. However, at low temperature, the
narrower. The FWHMs of the PL spectra of the samples Aradicals with low surface mobility will be located at different

JVST A - Vacuum, Surfaces, and Films
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e) S e) A 3.26eV
_J 8 FWHM=0.26° FWHM=125 meV
L
d) 329eV
d) FWHM=134 meV

FWHM=0.29°

L

0 3.30eV
FWHM=141meV /[ \

b) 3.30eV
A FWHM=182meV / \
g 8 3 5 343eV
=T 3 FWHM=257 meV
¥

1 1 N 1 1 1 1

AN e~ A 25 3.0 35
30 40 50 60
Photon energy (eV)
2 0 (degree)
Fic. 6. PL spectra of ZnO thin films prepared at different growth tempera-

Fic. 5. XRD patterns of the ZnO thin films grown on @00 substrates  tures:(a) 60 °C, (b) 100 °C,(c) 140 °C,(d) 170 °C, and(e) 230 °C.

prepared at different growth temperaturdb) 100 °C, (c) 140 °C, (d)
170 °C, and(e) 230 °C.

Intensity(a.u.)

Intensity (a.u.)

neous, so the FWHMs of the PL spectra become narrower

and the peaks of the PL spectra have a redshift. The line-

ape of the PL spectra shows an asymmetric structure on
adsorbed in the films, limiting the mobility of the reactants,t e low energy side, as shown in Flgg. 4 and Fig. 6 Wh'c_h IS
caused by defecfS.These defects exist at the grain and in-

and preventing further growth of grains. Thus, the initial » bound b h b d eni Th

crystal nucleus tends to grow in the direction of available!erface boundary etweefnht e substrate efm epggx¥.l €

reactant flux. Additionally, if the thermal energy supplied by most important property of the PL spectra o ZnQ t. N s
rown by PECVD is with a strong UV band emissions but

substrate is insufficient, the following chemical reaction can?’, o
not take place: without thg d_eep_ level emission ar_ound 2.5_e\/_ at room tem-
perature, indicating a stoichiometric ZnO thin film. It is well
AE known that the binding energy of an oxygen molecule is 5.16
ZnCHs —— Zn+ - CyHg, (3 eV, and conventional technology can not breakio active

where theAE is the thermal active energy required for the OXygen atoms, causing the ZnO thin films to have many
-C,Hs radical to be released from the substrate. Thus, at lopXygen vacancies. In our experiment, the ZnO thin films are
temperature, ZngHs is embedded in the film and adversely formed in the plasmas. The reactive zinc ions or atoms react
affects the film quality. All of these factors will lead to dif- directly with active oxygen ions or atoms obtained fromCO

ferent orientations of crystal grains and the formation ofd€composed by plasma. Thus, it is easy to obtain stoichio-

polycrystalline films. As the substrate temperature is in-Metric films.
creased, the mobility of reactants is increased and the gas
product will be released from the substrate. The grain sizéV. CONCLUSIONS

may then increase and the film becomes homogeneous. If the ZnO thin films on a SiL00) substrate were prepared by
ZnO thin films are prepared at room temperature, the f”m?PECVD from the gas mixture of diethylzinc and carbon
will have random orientations and the grain sizes will beyita at a low temperaturg180 °Q. The optimized
small. . GFRRZC is 1:3 deduced from the XRD, OTS, and PL spec-
_ Figure Ga)-6(e) shows the PL spectra of the ZnO thin i, The optimized substrate temperature is 230°C as con-
films prepared by PECVD at different temperatures with &y qeq from the XRD and the PL spectra. The plasma is
fixed GFRRZC of 0.8 measured at room temperature. They,qia| for the growth of ZnO thin films on a Si substrate.
F,WH,M of the UV band that comes from_ free exciton reCOM-one reason is that it may remove the native oxide layer on
bination becomes ?arrower W'th .the increase of _su_bstrat%e Si surface; another is that it supplies a sufficient number
tgmperature. At 60°C, shown in Fig(2, the ","V EMISSION ¢ active oxygen ions or atoms. By using this technique it is
gives a broad peak at 3.43 eV. The blue shifted emission 'éasy to form stoichiometric ZnO thin films.

caused by the quantum confinement effect due to the small

size of ZnO. At low deposition temperature, the initial crystal
nucleus tends to grow in the direction of available reactanf*CKNOWLEDGMENTS
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