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The piezoelectr ic properties of epitaxial  A~N films grown 
by the method of chemical vapor deposition u t i l i z i ng  t r i -  
methylaluminum and ammonia as chemical reactants were 
investigated. Large variat ions of the measured electro- 
mechanical coupling coef f ic ient ,  k2, were found in 
d i f ferent  regions of the same sample and on d i f ferent  
samples having approximately the same h/X value. Electron 
microscope observations of replicated as-grown and etched 
surfaces of epitaxial  AN were used to show a relat ionship 
between surface facet ordering and the magnitude of k 2. 
A plot of k 2 measured at various h/~ values shows k2 as 
large as 0.6% for films grown at a rate of ~0.2 ~m/min 
and measured at ~400 MHz. 
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In t roduct ion 

Thin- f i lm piezoelectr ic  materials have been u t i l i zed  for 
a number of years in the f i e ld  of microwave acoustics. 
The ear l ies t  appl icat ion of th in - f i lm  piezoelectr ics was 
in the fabr icat ion of bulk-wave transducers. Such mater- 
ia ls as pre ferent ia l ly -or iented thin layers of CdS ( I )  and 
ZnO (2) ,  with the c-axis paral lel  to the di rect ion of 
propagation, were found adequate to e f f i c i e n t l y  generate 
bulk acoustic waves. 

With the development of surface acoustic wave (SAW) devices 
(3, 4) a need was soon recognized for  th in - f i lm  piezo- 
e lec t r i c  materials to provide a means of generation of 
surface acoustic waves on insulat ing low-loss acoustic 
materials. Again, pre ferent ia l ly -or iented ZnO was used. 
I t  was found, however, that pre ferent ia l ly -or iented ZnO 
thin fi lms with the c-axis in the plane of the f i lm showed 
extremely variable electromechanical coupling coef f ic ients 
(5) ,  and that to achieve optimum values of the coupling 
coef f ic ient  pre ferent ia l ly -or iented material showing a 
minimum of misoriented c rys ta l l i t es  was necessary; at 
about the same time i t  was also shown that s ingle-crysta l  
ZnO f i lms consistent ly yielded k 2 values approaching the 
theore t ica l l y  predicted values (6). I t  is the in tent  of 
th is paper to show that optimum acoustic properties can be 
obtained from single-crysta l  A~N fi lms only i f  i t  is low 
in defect concentration. 

A goal shared by many investigators of SAW devices is the 
development of epi taxial  A~N on sapphire for potent ial  use 
in a composite structure containing both a piezoelectr ic  
and a semiconducting material .  This composite structure 
would contain a number of integrated c i rcu i ts  possessing 
both acoustic and semiconductor devices. A prime example 
of such a device is a SAW programmable tappable delay l ine 
where both an A~N delay l ine and s i l icon diodes and MOS 
devices are integrated on a single sapphire substrate. 
Further, such a composite structure is ideal for  the fab- 
r icat ion of converters and correlators u t i l i z i n g  a mul t i -  
s t r ip  coupler (7) to produce an interact ion of the piezo- 
e lec t r i c  f ie ld  with the electronic charge carr iers of a 
semiconductor. The appl icat ion of th is integrated tech- 
nology awaits a method of growing epi taxial  A~N of repro- 
ducible acoustic qua l i ty .  
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Experimental 

The epi taxial  f i lms studied in these experiments were 
al l  grown by the CVD method described by Manasevit, 
Erdmann and Simpson (8). This method of A~N growth is 
accomplished by di rect ing a mixture of trimethylaluminum 
(TMA) and ammonia onto a heated substrate in a flowing 
system. The postulated chemical reaction occurring is 
the pyro ly t ic  decomposition of a trimethylaluminum- 
ammonia addit ion compound. 

The TMA and ammonia were transported with u l t rah igh-pur i ty  
hydrogen to a sapphire substrate supported on a carbon 
susceptor coated with s i l icon carbide. The susceptor 
was heated induct ively to growth temperatures ranging from 
1200 to 1300C. Before growth, the polished sapphire sub- 
strates were subjected to a rigorous cleaning procedure. 
Substrates were cleaned by swabbing with TCE followed by 
soaking in a hot water detergent solut ion. The substrates 
were then thoroughly rinsed with deionized water followed 
by a 10% HC~ solut ion.  They were then placed in ind iv i -  
dual beakers, u l t rason ica l ly  cleaned in acetone, and 
f i n a l l y  dipped in freon and blown dry in nitrogen gas. 
The cleaned substrate was placed on the susceptor and 
heated for f ive minutes at 1300C in hydrogen before 
growth was started. This f inal  step before growth, was 
done to clean the reactor chamber and substrate of 
remaining foreign materials. 

Sapphire bars approximately 0.6 mm thick with surface 
dimensions of 5 x 30 mm were used as substrates. These 
bars were fabricated with a st ip of Si, coated with 
thermally-grown oxide, approximately 1 mm wide along one 
edge leaving a 4 mm s t r ip  of sapphire exposed. During 
growth of A~N, the s t r ip  of Si02/Si acted as a mask for  
the sapphire surface and allowed easy removal of a s t r ip  
of A~N from the edge of the sample. The removed s t r ip  
of A~N provided a step for accurate measurement of f i lm 
thickness. The Si02/Si was removed by etching in a 
solution of 1:7 HF:HNO 3. 

Measurement of the acoustic properties of the epitaxial  
A~N samples was accomplished using in te rd ig i ta l  trans- 
ducers (IDT) fabricated on the surface. In preparation 
for IDT fabr icat ion,  samples were polished and coated by 
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vacuum evaporation with approximately 800A of aluminum. 
Fabrication of the IDTs followed the usual techniques of 
photolithography. Samples were fabricated typically with 
six or eight transducers forming adjacent rows. With 
this. configuration of IDTs both reflective impedance and 
transmission measurements were made on different regions 
of the sample surface using a Hewlett-Packard network 
analyzer. The acoustic measurements given in this 
paper were obtained from transducers designed at four 
different wave lengths (~). The four transducers used 
were designed With equal lines and spaces with values of 
(~) of 5.817, 14.15, 15.70 and 16.94 um. The aperture of 
each transducer was 244, 333, 334, and 334 ~m, respec- 
tively. These transducers produced acoustic signals in 
a frequency range of approximately 400 - lO00 mHz. 

To establish the geometrical and electrical integrity of 
the transducers, measurement of capacitance C T was made. 
Only IDTs showing values of capacitance within • of 
the geometrically calculated value were used for acoustic 
measurements. After mounting the sample in a specially- 
constructed test j ig ,  the transducer capacitance was 
series-inductively tuned at acoustic resonance. Reflec- 
tive impedance and transmission measurements were then 
made on the sample using a network analyzer. These 
measurements yield data on the radiation resistance, 
resonance frequency, insertion loss, and phase shift as 
a function of frequency. Using these data, the coupling 
coefficient k 2 and phase velocity are calculated. 

The electromechanica~ coup!ing coefficient is calculated 
using the equation k = F~RafoCT/2N-I (9), where R a is 
the radiation resistance, fo is the acoustic resonance 
frequency, N is the number of finger pairs and F is the 
f i l l i ng  factor. For the purposes of these experiments, 
F was assumed to be unity. The phase velocity was calcu- 
lated by the equation V = ~fo: The k 2 data given in this 
paper were all obtained with (ll~O)A~N with propagation 
in the [O001] direction of the A~N and in the [OTll] 
direction of the A~203. 

Prior to acoustic measurements, the crystallographic 
properties of As samples were investigated using reflec- 
tion electron diffraction. Only samples showing a pattern 
of individual spots indicating single-crystal structure 
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were used for  acoustic measurements. Many of the samples 
investigated also showed Kikuchi l ines in addition to the 
usual d i f f rac t ion  pattern. Some selected samples were 
also investigated by the Kossel x-ray technique. All 
samples investigated by this method showed extremely 
broadened ref lect ion cones, interpreted to indicate 
h ighly-stra ined,  s ingle-crystal  material .  

Measurements of the electromechanical coupling coef f i -  
cient (k ~) were made on a number of A~N samples, grown 
under various condit ion~, at d i f fe rent  areas of the sur- 
face. Measurement of k ~ at d i f fe rent  areas of the same 
sample, where the thickness h is equal, showed variat ions 
as large as a factor  of three in some cases. Also, k ~ 
measured on d i f fe rent  samples showed an unpredictable 
scatter over the range of h/~ from 0 to 0.6. 

On the strength of these two observations, i t  was conclu- 
ded that the epi taxia l  AgN contains a varying concentra- 
t ion of structural  defects which d i rec t l y  af fect  the 
acoustic propert ies. 

Variations noted in the measurement of k 2 on a single 
AN f i lm could not be correlated with patterns obtained 
from electron d i f f rac t ion  or Kossel x-ray observations. 
This fact is interpreted as showing that the defects pro- 
ducing the var iat ion in k 2 are of a type and/or quanti ty 
which does not largely a l te r  the s ingle-crystal  nature of 
the A~N layer and is not detectable by the usual electron 
or x-ray d i f f rac t ion  methods. 

To study the relat ionship between the acoustic ac t i v i t y  
and structural  qual i ty  of the epi taxial  A~N layer,  elec- 
tron microscope observations of surface replicas were 
employed. Using standard methods of rep l ica t ion,  surface 
structures of as-grown and etched epi taxial  A~N were 
studied. The technique of repl icat ion was employed af ter  
i t  was found that adequate surface de ta i l ,  such as growth 
facets or etch p i t s ,  was not resolvable using an optical 
microscope. 

Figures 1 and 2 show electron micrographs of replicas of 
the as-grown surfaces of two d i f fe rent  samples of ACN. 
The replicas of these surfaces were taken at the region 
where i n te rd ig i t a l  transducers had been fabricated. The 
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A~N sample shown in Figure 1 had an electromechan~cal 
coupling coef f ic ient  of 0.40%. This sample shows wel l -  
aligned facets over the ent i re area occupied by the trans- 
ducer. Growth facets having a wel l-al igned structure as 
shown in Figure I ,  are typical  of s ingle-crystal  mater ial .  
The alignment of the principal growth facets is along the 
c-axis,  as determined by x-ray d i f f rac t ion  analysis. 

Figure I .  Electron Micrograph of As-grown A~N 
Surface Replica, k 2 value = 0.4%, 
magnification 9750X. 

Figure 2. Electron Micrograp~ of As-grown A~N 
Surface Replica, k ~ value ~ 0 
magnification 9750X. 
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Figure 2 shows an elRctron micrograph of a rep l ica of an 
A~N surface with a k ~ of approximately zero. I t  is seen 
in th is  f igure that  the as-grown facets are not well 
ordered, although they do have a ridged st ructure with 
general ordering in the c-axis d i rec t ion .  

Figures 3 and 4 show electron micrographs of repl icas of an 
etched surface of two d i f f e ren t  areas of a single sample 
where transducers were located and d i f f e ren t  k L values 
were obtained. The A~N surface was etched with a 20% 
solut ion of sodium hydroxide. The etching time for  th is  
sample was approximately I0 minutes which removed approxi- 
mately 0.5 ~m of A~N from the surface. The k c values 
measured at 400 mHz for  the sample shown in Figures 3 and 
4 were 0.25% and 0.14%, respect ively.  The th ickness- to-  
wavelength ra t io  h/k is 0 . I I  at both transducer locat ions.  
In Figure 3, wel l -ordered,  long s t ra igh t  facets are 
observed aligned along the c-ax is ,  with only a few defects 
in ter rupt ing  the pattern.  In contrast ,  Figure 4 shows a 
surface st ructure with a l l  facets general ly aligned along 
the c-axis but with numerous in ter rupt ions of the pattern 
by surface defects. 

These data c lear ly  show that larger k 2 values are obtained 
from samples showing greater geometrical perfect ion of 
the facets independent of whether they are observed on 
as-grown or etched surfaces. 

Figure 3. Electron Micrograph of Etched 
A~N Surface, kZ = 0.25%, 
magnif icat ion 9750X. 
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Figure 4. Electron Microg~aph of Etched 
A~N Surface, k ~ = 0.14%, 
magnification 9750X. 

Discussion 

The data of Figure 5 represents only the maximum value of 
k 2 obtained from 71 d i f fe rent  A~N samples. On each of 
thesR samples, from one to as high as six separate values 
of k C were determined. These samples ranged in thickness 
from about 1 ~m to 6 ~m and were measured using the trans- 
ducers described which produced signals from approximately 
400 to I000 mHz. Thickness measurements made at each 
transducer s i te were use~ to compute h/~ values from .01 
to 0.2. A plot  of a l l  k ~ values versus h/~ showed a 
widely scattered array of points. The plot  of Figure 5 
was constructed by selecting only the maximum values of 
k 2 at any par t i cu la r  h/~ value on the assumption that the 
maximum value approaches the i n t r i ns i c  k ~ for high per- 
fection single c rys ta l l ine  A~N. Included in Figure 5, are 
data published by O'Clock and Duffy ( I0 ) .  Combining 
these data with those of the present work, the poss ib i l i t y  
of the existence of an aux i l ia ry  maximum in k 2 at h/~ 
~0.05 followed by a minimum value at h / ~ O . 0 7  arises. 

Theoretical calculat ions ( l l ,  12) of the dispersion char- 
acter is t ics  of other layered systems, such as ZnO on 
sapphire, have predicted the occurrence of an aux i l ia ry  
maximum in the k2-versus-h/~ data. Experimental data (6) 
on epitaxial  (l l20)ZnO, which is c rys ta l lographica l ly  
isomorphic with epi taxial  A~N, grown on (01]-2) sapphire, 
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Figure 5. Plot of Maximum Values of k 2 Measured on 
Samples in the Range of hA from 0 to 0.2. 

also show an aux i l ia ry  maximum at h/~ = 0.12. Although 
there is good evidence given in Figure 5 for the existence 
of an aux i l ia ry  maximum, as shown by the dashed curve, 
there is su f f i c ien t  experimental error  produced by the 
variat ion in the qual i ty  of the samples to make th is con- 
clusion somewhat speculative at th is time. 

The experimental data showed that k 2 measured on epitaxial  
layers 2 to 3 ~m thick at a frequency of 400 mHz (h/~ 
~0.13 to ~0.2) t yp ica l l y  were the highest values. Samples 
2 to 3 ~m th ick measured at ~pproximately 500 mHz usually 
showed some degradation in k with respect to the values 
obtained at 400 mHz. When samples approximately 1 ~m 
( h / ~ 0 . 2 2 )  thick were measured at a frequency of 1080 
mHz, a degradation of k 2 to 0.1% was also noted. These 
data, yet unexplained, indicate that the defect exist ing 
in the A~N layeromay produce a frequency-dependent 
degradation of k ~. 
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Samples 3 to 6 um thick have also been investigated. 
Again, a wide variation in k 2 was observed, presumably 
caused by the same factors producing the observed vari- 
ations in samples of 2 to 3 um thickness. Although there 
were fewer samples measured in this thickness range than 
in the 2 to 3 ~m range, the overall variation in k 2 is 
comparable. 

Conclusions 

The random variations experimentally observed in k 2 at 
different areas of the same sample are more reasonably 
explained by postulating a random variation of the con- 
centration of growth defects than by a uniform stress 
produced by the thermal mismatch between layer and sub- 
strate. 

This postulate of a variable defect concentration is 
further strengthened by the surface replicas of different 
regions of the same sample showing wide differences in 
the geometrical ordering of the growth facets. 

The origin of the defects can be attributed to many 
possible factors, including variable crystalline proper- 
ties of the sapphire substrate, local fluctuation in the 
gas ambient conditions during growth, and local fluctua- 
tion in the temperature of the substrate during growth. 
Although the relationship between the coupling coefficient 
k 2 and the type ~nd concentration of defect producing 
degradation in k ~ has not been established, the experi- 
mental data clearly show that a relationship exists. The 
type of defects causing degradation of k 2 probably include 
such crystallographic imperfections as random inclusion 
of polycrystalline particles, grain boundaries, and c-axis 
inversion twinning. 

To explain the degradation of k 2, a physical mechanism 
involving inversion twinning is easily postulated. In 
brief, a total or partial cancellation of the piezoelec- 
t r ic  strain produced by an electric field would result at 
a region of the A~N under the IDT where c-axis inversion 
exists. Unfortunately, inversion twinning is extremely 
d i f f icu l t  to identify by either x-ray or electron diffrac- 
tion techniques; consequently, any systematic investigation 
of the defects in epitaxial A~N should include either 
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electron microscopic examinations of surface replicas 
such as given in this paper or Scanning Electron Microscope 
observations of as-grown and etched surfaces to delineate 
and ident i fy the entire range of detectable surface 
defects, and also appropriate structural analyses by 
x-ray techniques. 
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