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I4 ABSTRACT

This report contains details of the research work
carried out on a one-year project on the growth and charac-
terization of ZnO and AlN piezoelectric thin films. Material
growth systems are reported for Zn0O using the zinc vapor
reaction with COZZ ZnClg with Ogt
process. The growth of insulating ZnO has been achieved using

and the latest metal-organic

lithium doping during film growth. Initial results are re-

ﬂ ported for a new AlN growth process that shows promise of

} overcoming some previous growth problems.
/




1.0 INTRODUCTION

This final report is for a one year's effort of an on-
going research effort in the growth and characterization of
piezoelectric films for use in microwave acoustic devices. i
The program was basically a continuation of an effort that

has been conducted by the PI over the last nine years under

the sponsorship of, at one time or the other; JSEP, ONR,

AFML, AFCRL (RADC) and most recently AFOSR. The emphasis

of the program has shifted according to the demand or inter-

PRI

est in unique epitaxial crystal thin films and substrate
combinations. The initial work on A1N/A1203 was prompted by
the need for high velocity substrates for microwave SAW
delay lines and filters.

During the last two years an increased interest in ZnO

for SAW and bulk wave devices has renewed interest in the
CVD of this material. Major progress was attained in the
CVD of ZnO in the last year through the achievement of high
resistivity films of exceptional crystalline quality.
Of major importance to devices is the ZnO film orienta-
tion in CVD where the c-axis is in the plane of the film. ¢

This configuration allows direct shear wave generation in

bulk wave delay lines implying lower propagation losses at
microwave frequencies. The high growth rates, ability to
dope the {ilm during growth, increased crystal perfection,
and potential for wide area coverage suggest that the CVD

system will compete with sputtering as a film growth technique,
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The report details the recent progress made in the CVD
growth of ZnO by a number of techniques. Of considerable
interest is the lower temperature growth of ZnO using the
metal-organic process. Here excellent films have been ob-

tained at temperatures as low as 400°C. The Zn vapor process

using 002 has been greatly extended so that now insulating
films have been obtained during initial growth. The key to
this process has been the incorporation of lithium during
growth by a unique vapor transport process. During the year i
a new growth process for epitaxial AIN was initiated and
shows some promise for the growth of this difficult but im-
portant material.

The report first gives a general background into the
materials and their historical technical problems and then
summarizes the results obtained in this project. Details of

the research are given in the appendices.
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2.0 BACKGROUND

Zinc oxide and aluminum nitride have immense potential

for use in the electronics industry. They are wide-band-
gap, thermally-stable materials with high piezoelectric
coupling coefficients. Layered media in which piezoelectric

thin films are hetero-epitaxially deposited on a non-

S

piezoelectric, low loss substrate such as sapphire, have
unique properties and applications. These films on R-plane
sapphire are of particular interest in this regard because

the in-plane c axis orientations allow shear wave generation

and are highly compatable with the growth of Si and other
materials. Accordingly, numerous attempts have been made
to achieve the (1120) 6mm//(01T2)A1203 heteroepitaxial system.

for Zn0O and AlN.

S e QNG N LA A

i i

i 2.1 ZnO
Various sputtering techniques have been employed to
grow ZnO films with ¢ axis perpendicular to the substrate

1,2 Such films exhibited

with varying degrees of success.
high resistivity but have the disadvantage of low growth
g rate and poor crystallinity compared to recent epitaxial

films.

Epitaxial filws of ZnO can be grown at high rates
(100 pm/hr.) by chemical va,or transport or deposition.3

However, these fi.ms are semiconduction, n-type, with an

e e~ -

as-grown resistivity of » 1 ohm-cm. This value is far too

low for devices based on the piezoelectric or electro-optic

properties ~f ZnO where a value of greater than 106 ohm-cm
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is necessary. Different growth systems have been investi-
gated with the idea that a method yielding high resistivity
and film quality may be discovered. However, low resistivity
has always resulted and post-growth compensation has been
considered to be unavoidable. The low resistivity is
attributed to a departure from true stoichiometry of 2Zno,
with either interstitial zinc or oxygen vacancies acting as
the donor. The higher stability of oxygen gas compared to J
zinc vapor and a difference in the formation energies of
Zinc and Oxygen defects make it difficult to grow a
stoichiometric crystal. 2Zinc oxide films are generally
grown under low oxygen partial pressure in the presence of

hydrogen and are found to be zinc-rich and thus donor-

dominated. Even after post-growth lithium doping, the
conductivity is still unacceptably high and n-type. It is
seen that a moderately high temperature and p02 (partial
pressure of oxygen) must be used in the lithium diffusion
process in order to achieve high resistivity.3 Direct
contact of the lithium source (LiOH or Li2003) is not
desirable as it leads to corrosion of both ZnO and the
sapphire substrate. The problem of attack has been solved
by using vapor transport of lithium by keeping the lithium
hydroxide source at a distance from the substrate by the
ase of g spm:-r.4 All attempts to compensate the films are

cither of inferior quality or polycrystalline. Transport of

non-valent metal atoms (eg. Cu, which would lead to compensat-

G4 o m

ion) is har‘ to achieve, and results in drastic morphology




changes when ever successful.

The other problems associated with growth of zinc oxide
films are the difficulty of uniform nucleation, poor growth
reproducibility and spurious nucleation. Chemosorption
properties of Zn0O can also become important for films with

high surface areas to volume ratio. The surface layers can

give rise to depletion layers and influence the defect 1
| distribution in the films and change the overall properties
of the films. The use of hydrogen as a carrier gas assures
low oxygen partial pressure, which promote growth of zinc-
rich films, and hydrogen is known to act directly as a donor
in ZnO.5 On the other hand the resistivity of ZnO has been
seen to increase in the presence of COZ' The formation of
Zn0 by the reaction of zinc vapor with CO2 has been the
subject of studies of formation of ZnO in the Zinc smelting
process.6 The Zn (v) /CO2 reaction system was recently
investigated at USC and resulted in the successful deposition
of high resistivity epitaxial films.7

High resistivity was exhibited by the as-grown films,

which degraded on exposure to atmosphere and handling during

interdigital transducer fabrication. This made lithium
compensation a necessary step before the films could be
used for surface acoustic wave device applications.
Compensation of the films during growth by lithium,
improvemer' : in the reactor design for better control of the é

process, und uniiorm nucleation have now been achieved.

Lithilaa as a foreign atom in zinc oxide shows

e e L T
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amphoteric behavior. It occupies both the zinc and the
interstitial sites where it behaves as an acceptor and a
donor respectively. It has been verified that, independent
of poz, large concentrations of Li always lead to a range in
which the concentrations of lithium occupied zinc sites and
intersitial sites are equal.8 Thus lithium saturated
samples prepared or treated under moderately oxidizing
conditions show high resistivity.9 Incorporation of

lithium during growth has not been achieved by transport
using agents such as carbon monoxide or hydrogen. Lithium
oxide is a very stable compound and has a low vapor pressure
even at high temperatures ( 10-8 im Hg at 1000°C). Thus

it was found necessary to use a source of lithium oxide
close to the substrate, in order to create a sufficiently
high partial pressure of lithium oxide over the growing
film. This method guarantees the saturation of the ZnO
films with lithium, with the result that high as-grown
resistivities can be achieved.

Aluminum nitride is of interest to microwave acoustic
applications because the material exhibits a high SAW
velocity of proraygation when grown on R-plane sapphire.
Although it has the same symmetry and growth habit as
Zn0, AIN charactistically grows insulating but at much
higher temperatures, 1200°C.

Details of a new ALN growth procedure are given in the

next secticn.
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3.0 PROGRESS

Major emphasis for this past year was on the growth of
insulating Zn0 by CVD technigques and the demonstration of a
new AIN growth system. The ZnO work is summarized briefly
below With greater detail left to the appendices. An effort
on planar magnhetron sputtering was supported under JSEP at
USC and has given valuable information for any new ZnO
sputtering system.

3.1 Metal-Organic CVD

Epitaxial films have been deposited on sapphire by
using the reaction of diethylzinc with HZO/H2 and NZO/N2
at temperatures of 400°¢c respectively. The results of this
work were presented at the Los Angeles Meeting of the
Electrochemical Society and will be published in the Aug.
1980 issue of the Electrochemical Society Journal. (See
Appendix A)

3.2 Zn(v)/CO2 Process

Excellent quality epitaxial films have been achieved by

using this reaction system (Appendix B). However, the resist-

ivity of these films was low and made lithium diffusion
necessary. This process has now been improved and modified
to incorporate lithium during growth. High resistivity
films can be grown by this process (Appendix C).
3.3 ZnClT,/OZ System

The -inc-rich nature of the CVD grown films is often
related to the fact that these films are grown under low
oxygen activities. 1In order to increase the oxygen partial

pressure during growth and use pure oxygen as one of the

B T N e e
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components of the reaction system, one must choose a zinc
compound as the other component of the reaction so as to
limit the thermodynamic driving force to a reasonable value.
Zinc chloride with its melting point at 365°C and boiling
point at 73OOC, seems to be the most suitable. Shiosaki,

et at.lo who studied the ZnC12—02 system, although with a

different motive, found that the system was critically

dependent on the surface treatment of sapphire and always

| gave colored films. The color may be related to the fact
that zinc chloride is not available in high purity. The

other problem with ZnCl, is its deliquescent nature. 1In

2
view of this, we employed the reaction of HCl1l with hot
zinc to produce zinc chloride in situ. An experimental
arrangement similar to the one used for the Zn (v)/CO2

process was used. 5% HC1 in N2 gas was passed over molten

zinc at 550°C to produce zinc chloride. Films were grown

at substrate temperatures between 750°C and 950°c. Although
the continuous films produced on pre-sputtered substrates

showed resistivities higher than 106 ohm-cm, the films

; showed lack of orientation and high surface roughness. 1In
general, the growth system was highly irreproducible and

growth rute was limited to 10 pm/hr. It was concluded that

e

this reaction system was distinctly inferior to the Zn(v)/CO2
system with lithium incorporation.
3.4 A1IN

Chemical vapor ueposition appears to be the most

attractive muthod for fabricating A1IN films. CVD provides

guod control of growth parameters and a reasonable deposition

Lo AL .
Los RS e
R R
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temperature of 1200°C. Metal-organic CVD growth using the
TMA/NH3 reaction yilelds good quality epitaxial films at low
growth rates. This process is limited to films up to a few
microns thickness}l The aluminum chloride/ammonia CVD process
has been the subject of various studies and appears to be

promising for growth at high rates.lz’13

The problems
associated with handling extremely hydroscopic AlCl, have
made this process impractical in the past, expecially because

very minute gquantities of oxygen can give rise to aluminum

oxide formation and poor AIN morphology. Thus the use of
the HCl and hot aluminum reaction to produce AlCl3 is

extremely attractive, but the following problems must be
avoided by the careful design of the growth system.

i) Formation of AlN at the surface of the aluminum by
back diffusion of NH3, which can give rise to a crust of
aluminum nitride which would impede the transport of A1C13.

ii) Reaction of AlCl1, with silica which can introduce
oXygen into the system.

A schematic diagram of the growth set-up fabricated is
shown in Fig. 1. The system is designed such that the
substrate can be taken up to a temperature of 1500°c. The
aluminum scurce is independently heated by a resistance furnace.
An aluminum oxide injection tube is used to eliminate the
jossibility of reaction between AlCl, and silica. The back
~iffusion Of Mij to the hot aluminum source should be a

minimum in this design. The amount of oxygen and other

inpurities ha ‘2 to be kept low in this system for the growth

. good gua. .ty fiime. Purified H, and high purity NH3 are
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Figure 1. C.ow'h system for the "hot aluminum" process in

growing AiN.




therefore used.
3.5 Hydrothermal Growth

Two small research grade hydrothermal autoclaves have
been acquired from Leco Corp. of State College, PA. These
are LRA 150 RB pressure vessels, and have silver liners.
A 3 inch diameter 3 zone vertical furnace has been set up
with three temperature controlers, acquired from Eurotherm
Corp., used to control the temperature profile of the furnace.
The furnace temperature profile has been measured with the
pressure vessel in place. Growth runs were not made
because of lack of man-power and efforts spent on the more

exciting Zn0O CVD work,




4.0 SUMMARY AND CONCLUSIONS

During the reporting period considerable progress was

made in implementing and understanding the various thin film

P

CVD growth systems. The CVD growth of insulating ZnO has
been obtained for the first time using a novel vapor phase %
doping process and a new growth technique for epitaxial AlN
! has been introduced. !
i Because of the unique c-axis in the plane film orienta- |
tion the Zn0O films should be particularly suited to SAW and j
bulk shear wave devices.

‘ In the future this research effort will be conducted

within the Ames Laboratory at Iowa State University.
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Chemical vapor deposition of ZnO epitaxial films on sapphire

S. K. Tiky, C. K. Lau, and K. M. Lakin

Departmenis of Electrical Engineering and Materials Science, University of Southern California, Los Angeles,

California 90007

(Received 15 October; accepted for publication 6 December 1979)

A chemical vapor deposition system for the growth of epitaxial (1 120) ZnO films on (0112)
sapphire, employing the reaction of zinc vapor and carbon dioxide, was investigated. Growth
rates as high as 30 um/h at a substrate temperature of 700-750 °C were achieved. Films grown on
substrates with thin presputtered layers exhibited smooth surfaces and improved crystal
perfection as determined by SEM, reflection electron diffraction, and acoustic evaluation. Films
had high resistivity which eventually degraded on exposure to atmosphere. Surface acoustic wave
interdigital transducers were fabricated on lithium-diffused films, and the electromechanical
coupling coefficient of 1.39% was measured for a film thickness to wavelength ratio of 0.13.

PACS numbers: 81.15.Gh, 77.60. + v, 85.50.Ly

In the past, ZnO thin films for piezoelectric applica-
tions have been grown by sputtering, using techniques that
do not yield good quality films at a reasonable growth rate.
Recently, planar magnetron sputtering has been successful
in producing 10-uzm-thick c-axis oriented films on glass sub-
strates within | h.' Generally, sputtered films have a tenden-
¢y to grow with the c-axis perpendicular to the substrate
surface, although at low growth rates (10 um/min) and high
substrate temperatures (450 °C), (1120) ZnO films on R-
plane (0112) sapphire can be achieved by magnetron
sputtering.’

The heteroepitaxial system (1 120) ZnO on (0113)
AL O,, with c axis of ZnQ in the plane of R-plane sapphire, is
highly desirable for surface acoustic wave (SAW) and guid-
ed optical wave applications, and vapor phase techniques
have been used to achieve this.’ Using H,/HCI as transport
agents, single crystalline films have been grown at substrate
temperatures of 775 °C at growth rates approaching 1.2
um/min* and the H,/H,O transport system yields compara-
ble results.® Films obtained from the above processes, how-
ever, show large surface roughness and low resistivity (1-10
12 /cm), making postgrowth polishing and lithium diffusion
necessary. Moreover, extensive corrosion of the quartz ware
occurs immediately dowastream from the deposition zone in
the H,/H,0 iransport system. This corrosion problem has
been eliminated by employing the reaction of water and zinc
vapor.® In addition, Ohnishi ef al. have demonstrated that

bW
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Fi 5.1 Schematic diagram of the ZnO system along with the temperature
profile «f the furnace

epitaxial ZnO films with smooth surfaces can be grown by
introducing a thin intermediate ZnO layer (= 13 nm) on the
sapphire substrate by sputtering before chemical vapor de-
position’ The system they used is similar to that of
ZnO/H,/H,0 with the addition of oxygen for enhancing
ZnO growth. The growth rate reached ! zm/min at a sub-
strate temperature of 975 °C. However, an explosion hazard
exists in this system and at such a high substrate tempera-
ture, the ZnO layer may react with the sapphire substrate.
Finally, ZnO films grown in the presence of hydrogen al-
ways show high conductivity because of the zinc-rich nature.

In order to solve some of the above mentioned prob-
lems, we have investigated the epitaxial growth of ZnO using
the oxidation of zinc vapor by carbon dioxide, since film
conductivity has been seen to decrease the presence of CO,."

The schematic diagram of the growth apparatus along
with the temperature profile of the furnace is shown in Fig. 1.
The growth reaction can be represented by

Zn(v) + CO, = ZnO + CO.

(b)
FIG. 2. Scanning secondary electron micrograph of a typical as-grown ZnO

(a) without presputtering, 1 um thick, and (b) with presputtering, 4 ym
thick.

118 Ap; t Phys. Lett. 35(4), 15 February 1980 0003-6951/80/040318-03$00.50 © 1980 American institute of Physics 318
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Matenals used were polished and cleaned (0112) sapphire
(R-plane) substrates, nitrogen carrier gas obtained directly
from hquid mtrogen boil-off, carbon dioxide of 99.999% pu-
nty. and z2inc shot of 99.999% purity. Typical growth pa-
rameters are substrate temperature, 700-750 C; zinc source
temperature, 420-600 °C; center zone temperature, 900
1000 °C; gas flow rates, N,: 05-2.1 I/min; CO,: 0.6-4.5
1/min, growth rate, 0.1-0.5 gm/min.

A prown films were transparent with very little rough-
ness and excellent orientation of the surface featuses, as
shown by the scanning electron micrograph of Fig. 2(a).
However, imtial experiments indicated that the growth
tended to be nonuniform over a large area of the substrate,
and that growth reproducibility was poor. This indicated
that a problem of ZnO nucleation on sapphire exists in this
system, as in the case of the other vapor transport systems. It
must be born in mind that nucleation and growth in hetero-
cpitaxial systems are different processes, and the same phys-
ical or chemical process may not give optimum conditions
for both. In order to grow a good epitaxial film, one needs an
initial layer which adheres well and is composed of a large
number of nuclei per unit area. Planar magnetron rf sputter-
ing was used to grow an initial 10-nm-thick layer of ZnO on
the substrate,” using the fotlowing conditions: target materi-
al, ZnOor Zn (12 cm diameter); target-substrate spacing, 4.0
cm; gas composition, 80% Ar, 20% O,; chamber pressure,
5-10 Torr; rf power, = 50 W, substrate temperature, 250 °C;
exposure tim, 45 sec.

The sputtering parameters and the nature of the pre-
sputtered films were not found to be critical. Subsequent
CVD films grown on presputtered substrates were transpar-
ent with excellent surface finish suitable for a8 SAW device.
Scanning electron micrograph of a typical as-grown film us-
ing sputtered film for nucleation is shown in Fig. 2(b). The
films were single crystalline with (1120) ZnOJ||(0112) Al,O,
epitaxial relationship as confirmed by reflection electron dif-
fraction as shown in Fig. 3.

The resistivity of the as-grown films was higher than
those obtaned from other CVID processes, and reached 10"

FIG. } Reflection electron diffraction pattern of ZnO on R-plane sapphire
using 125-kV elcctron beam at o' - -~ing ang. ncidence.

319 Appl Phys Lett., Vol. 36, No. 4, 15 February 1980

FIG 4 Impedance plot for 15-um wavelength IDT on a | .9-um-thick lith-
wm-diffused ZnQO) film on sapphire

2 ¢cm on some samples. Resistivity, however, degraded on
exposure to atmosphere at a faster rate than sputtered films,’
and lithium diffusion was found to be necessary to hold the
resistivity at 10° £2 cm or better.

In order to evaluate the electromechanical coupling co-
efficient, interdigital transducers (IDT) were fabricated on
the films using the “lift-off"" technique.” Figure 4 shows the
impedance of a 15-um-periodicity IDT on a 1.9-um-thick
ZnO film grown at 12 um/h growth rate. The film thickness
to wave length (A /4 ) ratio of 0.13 is below the cutoff of all
higher-order modes and corresponds to the local maximum
value of the electromechanical coupling coefficient £ °. The
k ? value determined from the radiation resistance is 1.39%,
which is higher than that obtained for the ZnO/H,/HCI
transport process (=0.9%)’ and compares well with the
theoretical calculation.'’

In conclusion, the Zn(v)/CO, CVD process for epitax-
ial growth of (1120) ZnO on (0112) sapphire is superior to
other processes in yielding excellent films at a high growth
rate for SAW and bulk mode shear wave applications, be-
cause of its simplicity, ease of operation, and moderate sub-
strate temperature. Smooth surface finish and excellent re-
producibility can be guaranteed using the presputtering
technique. By proper use of doping during growth, passiva-
tion and handling techniques, the high as-grown resistivity
may be used to advantage. Conditions for optimum growth
rate, n..rmal c-axis orientation on other substrates, lower
temperature growth, and doping during growth are still un-
der investigation.

This work was supported by the Air Force Office of
Scientific Research under contract F49620-79-0138.
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APPENDIX B

Growth of Epitaxial ZnO Thin Films by
Organometallic Chemical Vapor Deposition

Chi Kwan Lau,* Shibon K. Tiku,* and K. M. Lakin
University of Southern California, Los Angeles, California §0007

sapphiie S0O5) tecknol gy and {ur the growth of
many -V oand IV compounas, unplying the po-
cential for antegrating ZnO and semicor luctor devices
on a sineic substrute. Finally, substrates with good
cortaxial qushity surfaces are availlable commercially.

Groath e hods —RE O att ing the most popu-
lar techimique for ZnO trun “lm fab'ication and re-
cently planur magnetron =yt ering has been success-
ful 1n pioducing 3-10 mic. un thick films on glass sub-
strotos i an hours growth tome (2, 3). These sputtered
£t ave atenden v oo »wing with c-axis perpen-
Gicular o the sut .ifne and only at very low
cowth cat sy el AL u n) and high substrate tem-
perating . v~ 19 ) bave (1120) ZnO films on R-
plate -ippnite beca achieved by sputtering (4).
Groath of 7210 frem the vapor pha-e has also been
widely inveanigated. Most of the methods reported to
date wre ex~sentially 1ed on ZnO transport using the
transport agents Hy/l C1 o) and H,/HO (6) or con-

S ocitrn. emcal Hocw' o Aciive My mhe;

hes words  oiganumetallic, CVD of 200 4.0 for SAW devices,
Znu thin fHilms.

ABSTRACT
Organometallic chemical vapor deposition of ZnO on sapphire, using the
' reaction of diethylzine with H,O/H. N.O/N:; and CO./H; oxidizing gas
systems, has been studied. Epitaxial filins have been achieved at tempera-
tures of 400- and 730 C, respectively, in tne tirst two svstems. The films have
been characterized using scunning electron mucroscopy (SEM), reflection
electron diffraction (RED), and surface acoustic wave techniques.

Zn0O is one of the most versatile and useful thin film trolled oxidation of zinc vapor. Growth rates of about
materiais for acoustoelectric, acousto-optic, electro- 1.2 .m/min have been achieved at substrate tempera-
opuie, und photoconductive device apphications (1), The tures around 775 C. However, because of the nuclea-
Betetoep.aseal system, (1120) Zn0O//00112) ALQ; with tion problems associated with the use of zinc vapor,
the veaNis ol ZnOan the plane of the R-plane sapphire, tilm growth s nonuniform and nonreproducible. This

1 i+ hinitly dorirable for surface acoustic wave (SAW) problem can be 501}'(“5 by the introduction of a pre-
! Geve voapplicatons because of the hugh electrome- sputtered layer of ZnO on the substrate. Using this
cratiival coupling coetficient of Zn0O and low acoustic teennigque with the ZnO/H:0/0,/H2 transport system,
ware ;oupagation loss of sapphire. Furthermore, R- Ohnishs et «l. (7) have grown films with cxcellent
3 Piate :pphite 4s tne arnoatation used in silicon-on- uniformity and -urface finish, Growth rates of 1 uni/

min were achteved at a rather high substrate tempera-
ture of ¢o» C. Howeve,., extensive corrosion of the
quartzwaice .akées place in all these transport systems.

Tue corroston problem has been mitigated by employ-

ing the reaction of zinc vapor and H,O (8).

ZnO fiims grown by any of the vapor phase tech-
nigues show low resistivily, making postgrowth com-
pensation necessary, DifTusion of lithium (and polish-
ing to remove the damage due to etching by the lith-
ium source) must be done before the films can be used
for piezoelectric applications. Since the resistivity of
ZnO films has been seen to increase in the presence of
CO,; . 1), the Zn(v)/CO, reaction was recently investi-
cated for the growth of 7nO iilms on sapphire (9.
Here an as-grown resistivity of 108 f2-cm resulted, but
degraded on further process handling and exposute ta
the atmosphere.

Organometallic growth—In recent years, the organo-
metallic process for semiconductor thin filin growth
has received increasing attention, because of certain
distinct advantages largely associated with the ease of
handling the metal sources (10). Growth of compound
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semiconductor films using organometallic reactions has ber is 40 mm ID, 40 . m long tube. The susceptors used
been reviewed by Manasevit (11) and ine heteroepi- were 30 mm diam graphite disks capable of holding
taxial growth has been successful for a number of 20 mm square substrates.

II1-V semiconductor materials on various oxide sub- Nitrogen gas was obtained directly from liquid ni-
strates (10). The successful growth of 11-VI compounds trogen boil-off, and Hs, N7O, and CO; were of four-
based on zinc has been reported by Manasevit and nine purity. Electronic grade DEZ was chuied with
Simpson (12, . The only organometallic growth mcthod melting ice to get better control over .- f'uv rate
reported for the deposition of ZnO is by the decompo- (The vapor pressure of DEZ at 20°C is 15 Torr.)
sition of zinc propionate and zinc acetyl-acetonate
t13) Oriented films were obtained at extremely low
arowth rates (27 A/m. 1) on mica substrates.

Substrate preparation.—R-plane sappli:e 38 cm
diam and 1.23 mm thick) of epitaxial sutfao e quality

In this paper, we report the results on the growth was purchased fiomi Union Carbide. A stundard pol-

Y i 1 P Je ¢ 1T

of ZnO thin films in R-plane sapphire, using the ox:- ishing "’"d ‘1‘,3_“'“8 procedure cr!)nsx:stnd' of Sy ton
dation of dicthylzinc, (C.H;).Zn (DEZ), by the three  (Monsanto) poiishing for 10 min followed ty ¢ aning
oxidizing g: mivtur'es flaé/.ﬂ. CO.-/H' and NOu/N with trichloroethviene, acetone, and methano! Deion-
(14). Hydrogen, which plays a dominant role in the ized water was used for the final wash before the dry

growth process, was used as the carrier for the H.Q nitrogen blow-off.

and CO; reaction systems and N, was used for the Experimental procedure.—To start a growth run, the
DEZ/N;O system. reactor was evacuated and the carrier gas was admit-
. ted. The preparatory sequence continued by heating

Experiment the substrate to the deposition temperatire folloved

Growth system. —Both horizontal and vertical quartz by introduction of the oxidizing gas. After about 5
tube reactors were used in the present study as shown min, growth was nitiated by introduction of DEZ and
schematically in Fig. 1. The vertical gas flow system continued for a specified time. After the giowth run,
with substrate rotation proved to be advantageous in the substrate was cooled slowly.
the DEZ/N.O growth system, as more uniform films As-grown films were examined visually under an
couid be grown. In the case of the DEZ/H.0 reaction optical microscope and a small portion of the §lm
system, solid ZnQ particles were formed on the inside was etched away with dilute HCl and the remaining
walls of the injection tube. In the vertical geometry, film thickness measured across the etched step using
these particles can be blown by the carrier gas onto a stylus-type profile meter (Dektak). Further physical
the substrate, causing spurious growth problems. The characterization was carried out using SEM and RED.

horizontal growth system gave better quality films Electrical characterization con<isted of a four-
due to the absence of this problem. In both geometries point probe resistivity measurement followed by ca-
the gas flow was at near normal incidence to the sub- pacitance and electromechanical coupling coeflicient

strate surface, The temperature was monitored by a measurements using a surface acoustic wave interdigi-
thermocouple with its tip placed inside a small hole tal electrode transducer.
in the susceptor. The injection tube-to-substrate dis-

tance was adjustable. The exhaust was connected to a Resuits and Discussion

scrubber through a rotary vacuum pump maintaining Reactions.—DEZ is an electron deficient compound

a pressure of about 400 Torr inside the reaction cham- with two vacant orbitals. The presence of thesc vacant

ber. orbitals available for bonding explains its high chemi-
The entire gas flow system for both the horizontal cal reactivity, Thus, DEZ forms complexes casily with

and the vertical reactors was assembled using stain-  compounds containing free electron pairs. DEZ forms

less steel tubing, stainless steel bubblers for DEZ and complexes at temperatures near ambient or higher
deionized H20, and with provisions made for purging  with H:0, CO;, and N2O (15). The reactions of inter-
the system with nitrogen. The quartz reaction cham-  estin the present study are:

1. DEZ/H,0/H; system (185)

N0 /C,/m,2
l = LEZe CaRmIEH ‘ ‘! At room temperature, in the gas stream
y—— J'_él:zg, , ‘ (CsHs)2Zn + 2H30 = Zn(OR) 2 4+ 2C3H,
TER *
»',".y ““4, " h,- 5 AR I At the surface at high temperature (400°C)
° "l RF Zn(OH)3 = Zn0O 4 H;O0
> con
P || == E warce ZnO + Hy = Zn(V) + H,0
GA. i Vo Py
R 2. DEZ/CO./H; system (16)
— :
" ,\..' [ At 150°C. inthe gy oam
R f (C:H) 70 LC0y=» (CHCOG
! LU M -
o o ok At high temperatur», on the substrate (3uu )
-8R (C;HsCOO) ;Zn -+ ZnO + gaseous product
~F LOiL
IERMOCOUPLE  SUSCEPTOR o quax1z ZnO + Hy = Zn(V) 4+ HyO
. 77°<@<¢.\_T{M“ON Tuse 3. DEZ/N;O/Ng system (18)
2 T low temp.
550660 sr (CsHs) 2Zn 4+ N20 emeeeeesp “‘cOmplex”
OXIDIZING
' . GASI IN ~700°C
VAL M GAUGE iR “complex” —————s ZnO + gaseous products
T riep e we s A
N oAm Growth kincties- - Because of the formation of
Fig 1. Schematic diogram of the qrowty pstem used for 200, organa-ziae compleses jor ZncOID :an the DESH0O
OM CVD qrowth, (o tep. veetical gemitry, U, Lott.m: horizontal systein, 0 ow tonperature, alas necessary to Xeep
geomgtry. the reaclants separate until they are a short distance
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Tet el Growth parame:crs 304 pripertien of 2n0 films grown

by OM CVvD
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anlad el T tne optimum values given n
Lioas o oW L For @ Tine optum o tempetatune: £
e e emo ale 400 U far the HoG L oo
forout o Lo al, an D L e NN

‘ ipees ol e cute Gradicate st the joiow it
Rocls ny 0 U aed el oM Tenpeerature eoo e
i act Vateo ety neci e d to o ciate Zac b e
Mo aples At ragr tnpe wbuien, the pooatl o
diops lue Loty natinie fuctors, neluding e

inotab Lty of 200 i the presernce of hydrogen. In add:-
tivi, tue growin rate was obscrved to decrease as e
DEZ/osidie ng gins ratio was increased and at very
agn LEZ ncentiation growth stopped in all the-
toce cact o systems. This indicated  poisoniny of
tie growts surface by excess complex molecules,
Wras ae de orpion of large organie species may be
v tae-le st step under such conditions, Figure 3
shuws the dependence of the growth rate on the oxi
duzatl gar tow rate with constant flow rates of other
dave (eguas! to the opuimum values of Table 1)
Manita are wosctved n each case. Tnus adsorption of
H.O, O, und N O by the ZnO surface may also leud
to a diopin the growth rate.

Grouth morphology.—Fil:. 3 nbtained with the
DEZ/1.0. ii. process were pale white translucent with
u rough surface. The SEM micrograph for a typical
fiim, shown .n Fig. 4, does not reveal any obvious

T T
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Fig. 4 SEMSID 1h a2 w bl 750 film grrwn ot 400 C Ly
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Fig. 5. SEM/RED for a 2 um thick ZnO film grown ot 500°C by
the DEZ/COQ . /H. growth s)stem.

Giponinent of crystaiistes, althougsh the RED confirms
Sncoonented filme Fioas grown by the DEZ/CO:/H.
seetem wete poiverystalline (kg B, s grown
by the NoO/Ng precess were transparent with very
ottt sutlaces and the SEM/KRED duta, ig. 6, show
that the crystallites are aligned along the c-axis of
ZnO crystallites in the R-plane sapphire. Zn0 has a
marked tendency of growing fast along the c-axis and
1t appears that in the presence of Hy any scedles that
are not 1n the growth plane become unstable, In the
DEZ/N,O/N; system, because of the absence of hy-
drogen, spurious growth can become important. Thus,
if the arrival rate of the complex is increased by re-
ducing the distance between the injection tube and
the substrate, growth rate increases and spurious
~ith hexaponal necdles growing vut of the
faede, ar atie abs shownoan g 70 Thue, tue growth
rate, st remain low i order to retain epitaxy.

Electrical characterization.—Resistivity of the films
was measured by the four-pojnt probe method. The
results ape listed in Table 1l Films "grown by using
Cu; h:n.'r- a high resistivity of 108 fi-cm and those

s CHLO and N0 reactions exhibit low resistive
’-'/ \\\' apple aticns, a reswotlivity of greater than
siumy daTusion {or increas-
i some ﬁlms. by

s,

N T R T SO
.

YL R O S (PP ced ot Tor

Cona e e 3370 DRU GL0 FUPAUR SUR SR A i ..-w:ing them
at o for oo The Lad tu Lo polished
dl’ter tne diffu.jon to remove the surface damia re due to

e Cluaiteg Ul LisCO.

August 1980

Fig. 6. SEM/RED for @ 1.5 um thick ZnO film grown ot 730'C
by the DEZ/N2O/N2 growth system.

Aluminum interdigital transducers (IDT) of 15 .mi
wavelength were fabricated on the film ¢ iifare using
the “lift-off” technique (17). The impeduinve of the
IDT was then measured as a function nf frequency
using an HP8410 network analyzer. The SAW electro-
mechanical coupling coefficient (K<) for the c-axis
propagating Zn0O/Al;O, structure was then calculated
using the expression (18)

. N
!i @ '* LIS TY RS
Ly

) .“, . *. r;‘" -
SRR,
'}‘; . *!‘ ..~ . ‘.‘1 e
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Lﬁ.‘ m

W a4 b i
See attached figure. v
Fig. 7. SEM picture of film grown by the N.O/N2 process undet
high flux :ondmem, showing spurious growth.
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Table 1. Properties of ZnQ tilms grown by OM-CYD presented at the Los Angeles, California, Meeting of
-t e e . the Society, Oct. 14-19, 1979,
Eiectrical Anv discussion of this paper will appear in a Dis-
res‘&'s_:’\;'mll_\‘, ___SAW properties cussion Secuon o be published in the June 19§l
cem Sl FUm Reeo Cou- Jour- aL. All discussions for the June 1981 Discussion
After  thick it phing Scct.nn should be submitted by Feb. 1, 1981,
As- L dud- ness,*  freq, coct. R ) . . .
Process grown fusion am Mile A K+ Puhlication costs of this article were assisted by
.. e e e e the University of Southern California.
DEZ H.O H: 110 >0t Lo BT 00T v22% REFERENCES
DES N N 10- 10 12 34343 048 u.6l

* After pooshing, the filn Ahickness waus uniform witlun 0.1
Ltiuver ai wrea of 1o« 2 em.

K? = nfoR, .72

where fo o resonant frequency, R, .= radiation resist-
aroe, and ) o cupacitance/finger piar.

The coupling coeflicient and other relevant param-
eters wit tabuiated in Table 1l Thne films grown by the
P40 und N.O reaction systems were found to be piezo-
ciectric as expected from the RED data. The films
2iown by the CO. process were found to be of poor
‘,_.u) ty. and scveral attempts to measure the SAW
properties were unsuccessful. For the DEZ/N.O/Na
provess, a K< value of 0.61S at a thickness to wave-
length rauo (/%) of 0.08 was determined which is
totter thian the value obtained by Przzarello using the
ZnQ/HCH Hy closed-space ransport process (19), and
is compatrable to the theorctical value obtsined by
Lakin and Penunuri (20). The coupling coeflicient for
fitma grown by the DEZ/HQ/H: process is lower
02200 attoa o 0.067), but reasonatde tor a low growth
tomperatyre of 4U0°CL

Conclusion

The orgunometallic reaction systems using the reac-
tren of DEZ with 11LO/Hs, CO./H:, and N:O/Na: were
inve atigated and these show proniise as low tempera-
ture prowth techmques for epitaxial ZnO thin films.
e films were cvaluuted by SEM, RED. and by surface
avoustic wave moeasurements, The tilms grown by the
1O and N:O reactions at te npvmruxm of 400° and
.H L showed electromechanical coupling coeflicients
wta thickness o waveibengthy (/) ratio of
vty and 061 at t/4 = 0.05 respectively.

Methods tonervase the growth rate and the resistiv-

devanvestigation.
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4. SEM/RED for a 2 micron thick 2Zn0O film grown at 400°C by

the D‘Ez/l-lzo/l-l2 growth process.
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SEM/RED for a 2 micron thick ZnO film grown at 500°C by
the DIE:Z/CO:Z/H2 growth system.




6.

SEM/RED for a 1.5 micron thick ZnU film grown at 730YC

by the DEZ/NZO/N2 growth system.
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7. SEM picture of film grown by the NZO/N2 process under

high flux conditions, showing spurious growth.
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