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Current progress toward establishing the feasibility of reactive rf 
sputtering as a means of preparing single crystal films suitable for integrated 
optics and electronics applications is discussed,    Single crystal films of 
aluminum nitride,  zinc oxide,  rutile and gallium arsenide have been successfully 
grown by this technique.    Epitaxy of aluminum nitride and zinc oxide has been 
obtained on (0001) and (ll02) sapphire substrates,   rutile on (1102) sapphire and 
gallium arsenide on semi-insulating substrates of gallium arsenide. 

Surface e^oustic wave delay lines were fabricated to evaluate the piezo- 
electric qualities of the zinc oxide and aluminum nitride films.    The piezo- 
electric coupling coefficients determined indicate that the quality of the 
sputtered films is comparable to the best results reported for films prepared by 
chemical vapor deposition. 
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1.0    SUMMARY 

1.1 Program objective 

The major objective of the program is to establish the feasibility of reactive 
rf sputtering as a viable approach for the preparation of single crystal thin films 
suitable for applications in microelectronics, microwave devices and integrated 
optics. It involves the preparation of epitaxial films of selected III-V semicon- 
ductors, II-VI semiconductors and high dielectric constant materials. A secondary 
objective of the program is fabrication of appropriate devices to ascertain the 
device potential of the films grown. This research program is being conducted under 
the ARPA/ONR Contract JSOOOl!+-72-C-Oia5, 

1.2 Major Accomplishments 

Over the last six month period considerable progress has been achieved. 
Conditions for the epitaxial growth of four different materials have been established. 
Each accomplishment in itself constitutes a first. 

Single crystal films of aluminum nitride have been grown by reactive sputtering 
in a nitrogen and ammonia ambient on (0001) and (1102) oriented sapphire substrates. 
Surface acoustic wave devices were fabricated and the results obtained were comparable 
to the best reported for A1N on sapphire grown by chemical vapor deposition. The 
results are extremely encouraging in that process development for the growth of 
aluminum nitride by reactive sputtering is in its infancy as compared to the chemical 
vapor deposition process which has had several years to mature. The films prepared 
have a surface finish superior to that obtained by chemical vapor deposition. 

Single crystal films of zinc oxide have been grown on (OOOl) and (1102) oriented 
sapphire substrates. The preparation of epitaxial single crystal films of zinc 
oxide by sputtering on (1102) oriented sapphire has not been previously reported in 
the literature. Epitaxy has been achieved at a deposition rate approaching two 
orders of magnitude improvement over past work reported on zinc oxide grown by sput- 
tering on (0001) sapphire. The improvement achieved in deposition rate establishes 
sputtering as a practical method for preparation of single crystal films of zinc 
oxide. 

Single crystal films of gallium arsenide have been prepared by reactive 
sputtering of gallium in an arsenic ambient. This is the first known successful 
attempt at epitaxy of gallium arsenide by reactive sputtering, The films initially 
grown have a resistivity of 10 Q-cm* 

The conditions for the growth of epitaxial films of rutile on sapphire were 
also determined. These results constitute the first successful preparation of 
single crystal rutile films by reactive sputtering. 

iJfcJSriiMfatftMi <■(»»   »«„fcüj 
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The results achieved to date clearly Illustrate the versatility and feasibility 
of reactive sputtering as a viable approach to the preparation of a wide variety 
of uateiiöla in »ingle cryäoeu. thin film form. Surface quality and riim uniformity 
achieved by sputtering is generally superior to that obtained by chemical vapor 
deposition. 

1.3   Future Work 

The bulk of the effort to date has been directed toward establishing conditions 
for epitaxial growth and the structural characterization of the film* In order to 
consolidate the gains of the past period most of the effort will be focused on the 
materials grown to date. Greater attention will be given to the fabrication and 
evaluation of a number of device configurations. The results obtained will be used 
to further refine the deposition parameters in order to achieve the optimum material 
properties. Experiments in optical waveguiding will be carried out. Active thin 
film devices incorporating acoustooptic interactions will be fabricated with single 
crystal aluminum nitride and zinc oxide films. Doping experiments will be conducted 
on the reactively sputtered gallium arsenide. Preliminary work will start on the 
epitaxial growth of reactively sputtered gallium nitride and aluminum arsenide. 

i I 
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2.0   EPITAXY OF ALUMIMJM NITRIDE BY REACTIVE SPUTTERING 

Single crystal films of aluminum nitride have "been grown on (0001) and (1102) 
oriented sapphire substrates by reactive rf sputtering in both nitrogen and ammonia 
ambients.    Although single crystal films of aluminum nitride have been prepared by 
chemical vapor deposition (Refs, 1, 2) we believe that this represents the first 
successful attempt to achieve this result via sputtering. 

Aluminum nitride is a particularly interesting material for surface acoustic 
wave and integrated optics applications,    its crystal structure is hexagonal wurt- 
zite with lattice parameters a0 = 3.111A and CQ = ^.980Ä.    It is piezoelectric and 
electrooptic. 

The initial efforts of this program were directed toward establishing the 
feasibility of using the reactive rf sputtering technique for preparation'of single 
crystal thin films, determination of the conditions for epitaxy and characterization 
of the films grown.    The results obtained over the last six month period are 
described below. 

2.1   Epitaxial Thin Film Deposition 

In the previous report period the maximum substrate temperature attainable was 
limited to approximately 750°C.    Epitaxy was not achieved and modification of the 
system was required to extend its high temperature capabilities,    A tantalum sub'trate 
heater was incorporated into the system which permitted a substrate h«ater operating 
temperature in excess of l800°C,    The actual sample temperature was determined in the 
following manner.    The substrate heater temperature was measured by an optical pyro- 
meter and the actual sample temperature was arrived at by measuring Its thermal 
expansion at the corresponding heater temperature.    Plots were made of the substrate 
heater temperature versus simple temperature in order to convert the optical pyrometer 
readings directly into substrate temperature.    More complete details of this meaf're- 
ment are discussed in Appendix I. 

Substrates were polished single ciystal aluminum oxide.    Crystals cut with the 
(00C1) plane parallel to the surface as well as crystals cut with the (]l02) plant: 
parallel to the surface were ubed.    Substrates were prepared by a thorough degreasing 
In MOS gr.' de trichloroethylene followed by a rinse in MOS grade methanol and finally 
a rinse in deionized water.    The substrates were next slightly etched in 55°C HgSOk 
for 15 minutes,  rinsed In deionized water and dried in a dry nitrogen blast.    Finally 
the substrates were annealed for 2 hours at 1200°C In dry oxygen. 

The relative merits of ammonia and nitrogen were studied as the reactant gas. 
Although epitaxy could be achieved using either gas, ammonia was found to result in 
epitaxial deposits at a lower temperature.    The films obtained with ammonia were 

'SSSBBSEBLZT'—.-..— - 1^ — -•     - 
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generally clear although films with a hazy appearance were produced on occasion. 
The elevated temperature (l400°C) required for epitaxial growth of A1K films in 
nitrogen resulted in an apparent reaction between the substrate and the substrate 
heater.    This produced a blackening of the heater and the underside of the substrate. 
The resultant films generally had a rough surface texture.    Due to this problem, 
subsequent work was done solely with an ammonia reactive ambient.    Typical condi- 
tions for ottaining epitaxy of aluminum nitride on (OOOl) and (1102) sapphire sub- 
strates are listed below: 

Reactive Ambient - 2 x 10"2 torr NH3 
Substrate Temperature - 1250°C 
Deposition Rate - 50 Ä/min 

Reactive Ambient - 6 x 10"2 torr ^ 
Heater Temperature - llf00°C 
Deposition Rate - 20 A/min 

Epitaxy has been achieved at a substrate temperature as low as 1050°C with an 
ammonia ambient but the results are spotty.    It is preferable to grow at the slightly 
higher temperature quoted in order to achieve consistent results. 

Prior to film deposition a new tantalum heiter is prepared for use in the 
following manner.    The vacuum chamber is pumped   own to 10"6 torr and the heater is 
rasied to 1200°C and outgassed till the background pressure drops back to 10"° torr. 
Subsequently, the heater temperature is raised to l800°C for five minutes and then 
dropped back to iVC0cC,  and a coating of aluminum nitride i s deposited on the tantalum 
heater. 

After a heater is broken in,  a typical run sequence consists of (l) evacuating 
the sputtering chamber to 10"° torr with the heater adjusted to operating tempera- 
ture,   (2) admission of the reactive gas into the chamber and adjustment to operating 
pressure (typically 2 x 10~2 torr),   (3) readjustment of the heater to the required 
deposition temperature, and (h) sputter cleaning of the aluminum target for five 
minutes at a power density of 40 W/inc,    With the completion of this sequence the 
system is ready for film deposition.    The sputtering target is 99.999$ pure aluminum 
and the reactive gases have an assayed purity of 99.999$ or better. 

2.2    Physical Characterization of A1N Films 

Reflection electron diffraction and x-ray diffraction were employed to determine 
the structure and epitaxial relationships of the film to the substrate.    Figure 1 
shofcs the calculated reflection electron diffraction pattern expected for the elec- 
tron beam aligned with the [lOlO] and Cll20] directions.    The patterns correspond 
to A1N grown with (0001) planed parallel to the surface of the film.    As the elec- 
tron beam is rotated in the plane of the film, each pattern should exhibit a repeat 
period of 60° and the two patterns should alternate every 30°,    Figure 2 shows the 
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reflection electron diffraction patterns obtained for A1H grown on (0001) oriented 
aluminum oxide.    Under rotation,  the angular dependence of the diffraction patterns 
was found to vary as described above,    In the diffraction experiments the electron 
beam is incident at a grazing angle and illuminates the full length of the film. 
Traversal of the sample over its full width in a direction orthogonal to the beam 
produced no variation in the diffraction pattern indicating that the film was indeed 
single.    Diffractometer traces exhibited a single diffraction peak corresponding to 
a "d" spacing of 2.U90A.    This value coincides with the spacing expected for f0002) 
planes of aluminum nitride. 

Figure 5  "epicts the expected diffraction patterns with the electron beam 
directed along the CooOl] and [1120 ] zone axes for A1H with (1120) planes parallel 
to the surface of the film.    Figure k shows the actual reflection electron diffrac- 
tion pattern obtained for All! grown on (1102) oriented aluminum oxide substrates. 
The [OOOI] and [ll20] patterns alternate every 90° for a rotation of the beam in the 
plane of the film.    The periodic behavior exhibits the proper symmetry.    Diffracto- 
meter traces showed a single peak corresponding to a "d" spacing of 1.557A which is 
that expected for (1120) planes of AIM.    Yim, et al (Ref. 2) have reported that two 
other orientations were observed for single crystal AH« layers grown on (ll02) sap- 
phire,  (3035) and (1127) AM.    These results were obtained by chemical vapor deposi- 
tion.    In our work only the (1120) orientation of Alft was obtained on (1102)  sapphire 
substrates. 

The single crystal films grown were generally clear and transparent but on 
occasion films with a hazy appearance were produced.    Optical transmission measure- 
ments indicated that the optical cutoff in the ultraviolet occurred near 2000^ cor- 
responding to a band gap of approximately 6.2 ev in agreement with the work of Yim, 
et al (Ref. 2). 

The surface quality of the films grown by sputtering are generally superior 
to those obtained by chemical /apcr deposition.    It has been reported that surface 
acoustic wave devices fabricated with Ail? films vhicker than 1.6*,  which were grown 
by chemical vapor deposition,  require seehanical polishing to remove the surface 
irregularities before definition of interdigital transducers can take place (Hefs. 
3, k).    Figures 5 and 6 are electron micrographs o.' replicated surfaces of 2.5 micron 
thick aluminum nitride films grown on (OOOl) and ^1102) sapphire substrates.    The 
surfaces obtained tend to mirror the surface imperfections of the polished substrates. 

Surface Acoustic Wave Device Evaluation of All? Films 

A surface acoustic wave delay line was fabricated to evaluate the piezoelectric 
characteristics of the films grown by sputtering.    To date the only published data 
on surface acoustic wave devices fabricated with A1N on sapphire is the work at Iforth 
Aseriean-Autonetics.    Their data is confined to AM on (1102) sapphire substrates 
with the c-axis of the A1H lying in the plane of the film. 

 ^__ .   AiäMMaAW&sK --'■ 
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ELECTRON MICROGRAPH OF AIN ON (0001) Al203 
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ELECTRON MiCROGRAPH OF AIN ON (1102) Al203 
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The data presented in our report is the first useful, data for A1N grown on 
(0001) oriented sapphire (c-axis -Lto the film plane).    The advantage of this 
orientation for delay line construction is that the anisotropy (and delay line bean 
steering) is low in the (0001) plane, whereas with the «c-axis in the plane of the 
film,  the interdigital transducers must be aligned to propagate surface acoustic 
waves along the c-axis of the AUS, 

The surface acoustic wave data presented below is for a 2 micron thick single 
crystal aluminas nitride filn grown on a (0001) sapphire substrate.    Interdigital 
(ID) transducers were photolithographically fabricated with the following 
specifications: 

Pattern Spacing 
Number ID Fingers 
Finger Length 
ID Periodicity 
Metallization 

5.1 CD 
21 
1 mm 
25 HB 

0.15 ^m aluminum 

The surface acoustic wave transducer configuration is illustrated in Fig.  1, 
and Fig.  6 shows a plot of the input impedance versus frequency for the two trans- 
ducers.    The nearly identical, response for the two transducers is indicative of the 
uniformity of film thickness.    Transducer insertion loss as a function of frequency 
is shown in Fig. 9»    The two port insertion loss was levered from 62 dE to 37 d3 at 
216 MHz by series tuning with miniature inductors.    In fact,  the insertion loss 
would have been much lower,  at least as low as 25 dB,  if our transducer pattern had 
had low spurious shunt capacitance.    This will be corrected in future experiments 
with a small bonding pad configuration.    A pulse delay time for the above structure 
was measured to be 920 as with a propagation loss of 1.5 dB for the path.    The pulse 
echo response is shown in Fig. 10«,    The aluminum nitride dielectric loss Q was esti- 
mated to be 10, the dielectric constant approximately 10 and the resistivity greater 
than 10') i2-cs.    The surface acoustic wave velocity was determined to be 55OO m/s. 
The effective piezo coupling constant  (k^) was determined to be .08$.    This compares 
very favorably with the value of ,09$ obtained at Autonetics (Ref.  3) for the same 
film thickness to transducer pattern periodicity utilized here. 

The results obtained to date are very encouraging since the surface acoustic 
wave experiments were done with material prepared by a technique which is in its 
very early stages of development.    The chemical vapor deposition process has 
several years cf development. 

2A    Future Studies 

The main emphasis to date has been directed toward achieving epitaxy of 
aluEi.nun nitride.    With this behind us, efforts will be aimed at refinements in the 
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deposition parameters to optimize material properties in order that the eventual 
goal of fabricating thin film active integrated optic devices can be realized. 
Optical and electrical properties of the films will be more completely characterized. 
Attention will be focused on devices employing acoustooptic interactions,    Preliminary 
experiments in the growth of gallium nitride will also be addressed. 
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3.0    SPUTTERED EPITAXIAL FILMS OF ZDJC OXIDE 

Zinc oxide is a II-VI semiconductor with the hexagonal wurtzite structure. 
It is lsomorphous in structure to aluminum nitride.    It is piezoelectric and electro- 
luminescent and has considerable potential for integrated optics applications. 

Single crystal films of zinc oxide have been prepared by the close-space vapor 
transport technique (Ref. 5) and also by dc sputtering (Ref. 6),    The close-space 
vapor transport technique generally yields films of low resistivity and must be 
lithium diffused in order to raise the resistivity to acceptable values.    A second 
drawback to this approach is that it yields films of poor crystallinity on (0001) 
sapphire substrates, and films of good crystallinity are only obtained on (1102) cut 
substrates. 

Single crystal films have been grown by Rosgonyi and Polito (Ref. 6) by dc 
sputtering but only on (0001) oriented substrates of sapphire^and CdS,    The deposi- 
tion rates for epitaxy were extremely low,  approximately 200 A/hr, too low to be 
practical.    We report below not only the first epitaxial deposition of zinc oxide 
achieved on (1102) sapphire substrates by sputtering but also epitaxial growth of 
zinc oxide on (OOOl) oriented sapphire at practical rates (90 A/min). 

3.1   Epitaxial Thin Film Deposition of ZnO 

Films of ZnO were prepared by rf sputtering from a 99.99$ pure target of the 
compound in a 80$ argon and 20$ oxygen ambient.    The argon was 99-999$ pure and the 
oxygen was 99» 99^$ pure.    The sputtering chamber was pumped with a turbomolecular 
pumped backed wth a standard mechanical pump.    Pumping speed of the turbomolecular 
pump is about 250 liters per second in the millitorr range.    Since the chamber has 
a volume of about 25 liters, this represents a charge of sputtering gas about 10 
times per second.    The chamber is of stainless steel construction.    Copper gasketed 
seals as well as viton A "0" ring seals are used.    The system typically was evacuated 
to about 2 x 10"fc torr before deposition began. 

Substrates were heated by placing them on a thin high purity A^O-o slide which 
was in direct contact with a tantalum strip heater.    The heater temperature was 
monitored with a chronel-alumel thermocouple spot welded to the heater.    The corre- 
lation between the heater temperature and substrate temperature is presented in 
Appendix I. 

The sputtering gas was admitted through two precision micrometer valves.    The 
argon flow was first adjusted to yield a pressure 80$ of the total desired sputtering 
pressure, and then the oxygen flow was adjusted to bring the pressure up to 100$ of 
the desired pressure. 
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The substrates were of the same type and prepared in the idetitlcal manner as 
described in Section 2.1 of this report. 

Epitaxy was achieved on (0001) oriented sapphire for the following conditions: 

Total gas pressure - 10 mtorr 
Substrate temperature - 600oC 
Deposition rate - 90 A/min 
Target input power density - 0.7 watts/cm 

Epitaxy was achieved on the (1102) oriented sapphire for the following 
conditions: 

Total gas pressure - 100 mtorr 
Substrate temperature - 700°c 
Deposition rate - 33 A/min 
Target input power density - 2.2 watts/cm^ 

A special feature of shi£> sputtering system is the variety of magnetic fields 
which can be produced in the region of the substrate and cathode.    The fields are 
produced by a pair of solenoids each about -=r inch long,  l|r inches thick and 7 inches 
in diameter.    The coils are concentric to the cathode and substrate holder.    Spacing 
between the coils and position of the coil pair midplane are variable over a range 
of about 6 inches.    The target-to-substrate distance is also variable but was main- 
tained at 1-1/8 indies for these experiments.    The coils can be connected so that 
their fields either add or oppose.    In this way the fields can be changed from a 
predominantly axial one to a quadrupole one.    A number of experiments have been made 
to determine the effect of these fields on the substrate temperature and film deposi- 
tion uniformity.    The configuration chosen for these experiments was with the elec- 
tromagnet  "x>ils arranged to produce a predominantly axial field.    This configuration 
produced a reasonably uniform deposition over the central 2 inches of the substrate 
holder and at the same time minimized the substrate heating over the same range by 
diverting the energetic secondary electrons emitted from the target.    At a target 
power density of 2.2 watts/cm ,   it is estimated that the increase in substrate tem- 
perature above that implied by measuring the substrate heater was 100°C,    While at 
the target power density of 0.7 watts/cm, the increase in teiaperature was only 25°C. 
Without the pressure of the magnetic fi~ld the increase in temperature would have 
been l60°C and 75°C,  respectively,    Another equally important aspect of diverting 
the secondary electrons from interacting with the substrate is their effect on the 
texture of the film.    Films grown outside of the central 2 inches have a rJ.oudy 
grainy appearance.    The same effect is noted at zero or low magnetic fields for 
films grown at the center of the substrate holder.    The films grown in the center of 
the substrate with high axial fields, however, are smooth and clear. 

tteftft ^^ 
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3.2   Characterization of ZnO Films 

The film structure was determined using x-ray diffraction and reflection 
electron diffraction.    Zinc oxide is isomorphous to the structure of aluminum 
nitride and their respective lattice parameters are within a percent of each other. 
Therefore, Figs. 1 and 3 also represent the expected electron diffraction patterns 
for single crystal zinc oxide films.    Figures 11 and 12 show reflection electron 
diffraction patterns obtained for films grown on (0001) and (1102) sapphire sub- 
strates.    The epitaxial relationships between film and substrate are found to be: 

(COOl)ZnO I!  (OOOljAlgO     [ll02]Zn0 II  [llfoÜAl^O 

(llO2)Zn0 |l  (1102)A120„   [CO0l]Zn0 ||  [ll0l]Al2<> 

The surface quality of the films is excellent and tends to replicate the 
substrate finish whereas chemical transport produces generally rough films.    Figure 
13 is an electron micrograph of a replicated surface of a one micron thick zinc 
oxide film deposited on (1102) sapphire,    The films grown are clear and transparent. 

The resistivity of the sputtered films is 10   1-ar or better.    Ife lithium 
diffusion is required to enhance the resistivity in contrast to films prepared by 
chemical vapor deposition techniques. 

3.3    Surface Acoustic Wave Device Evaluation 

The performance of the zinc oxide films grown on (1102) sapphire substrates 
was evaluated using the same interdigital transducer structure described in Section 
L.3.    The film thickness was l.k um; therefore, the surface acoustic wave velocity 
was strongly affected by the sapphire substrate.    Transducers were placed to pro- 
pagate acoustic waves parallel and perpendicular to the c-axis of the zinc oxide 
(see Fig. Ik).    The minimum untuned two port insertion loss was 43 dB for propaga- 
tion along the c-axis.    Perpendicular to the c-axis the insertion loss was 22 dB 
higher. 

The acoustic resonant frequency was determined to be 215 MHz» 

The transducer insertion loss as a function of frequency is shown in Fig. 15 
for the interdigital transducer pattern aligned to propagate surface acoustic wa',es 
along c-axis of the zinc oxide.    The piezoelectric coupling coefficient lr was .**«*- 
sured to be approximately 0,k% 

This is subsequently higher than the value of 0.31$ (Ref. k) reported for line 
oxide films on sapphire prepared by the dose-space transport method.    The ajeasured 
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RED OF ZnO ON (0001) Al203 
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ELECTRON MICROGRAPH OF ZnOON (1102) Al203 
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SURFACE ACOUSTIC WAVE TRANSDUCER PATTERNS ON (1120) ZnO 
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surface acoustic ware velocity was 5100 m/sec.    This compares favorably with the 
calculated value of Lin (Ref. 7) for zinc oxide on sapphire for the film *hicki»ss to 
transducer pattern periodicity ratio (.O56). 

3.k   Future Studies 

Äs with the other material s studied in this program, the aain emphasis on ZnO 
has been to determine a set of epitaxial sputtering päxs£*ters.    Future work will 
include investigation and optimization of these films for properties of interest for 
use in integrated optics applications. 
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k.O   GROWTH OF EPITAXIAL GALLIUM ARSENIDE FILMS 

Single crystal epitaxial films of gallium arsenide have been zeactively 
sputtered onto gallium arsenide substrates.   These films should he useful in a 
variety of applications s ich as integrated optics, acousto-electric, and microwave 
devices.   The films were -eactively sputtered from a gallium target by arsenic ions. 
A practical pressure of arsenic was maintained by heating the vacuum chamber to 
~ 250°C to prevent arsenic condensation and heating high purity arsenic in an 
alumina crucible.   The use of arsenic as the sputtering gas should improve the stoi- 
chiometry of the sputtered gallium arsenide film.    This is due to the high vapor 
pressure of arsenic at the temperatures required for epitaxy. 

The electrical and optical properties of the films are being determined, and 
the results to date are included in thir report. 

k.l   Verification of Gallium Arsenide Synthesis by Reactive Sputtering 

fr.1.1   X-Ray Diffraction 

A Phillips X-ray Diffractometer witn a copper target was used in this 
investigation.    The target was excited by ho Kev electroas, and a nickel filter was 
inserted into the x-ray beam.    An x-ray diffraction scan of a single-crystal gallium 
arsenide substrate is shown in Fig. l6a.    The substrate is oriented with a (100) face 
parallel with the surface, and therefore, large peaks due to the (200) and (^00) 
planes are recorded.    Figure 16b is a diffractometer scan of a sputtered film on 
another (100) oriented gallium arsenide substrate.    The large (200) and (^CO) peaks 
are principally due to the substrate, hut all the other peaks result frcm the poly- 
crystalline film indexed to be gallium arsenide.    No other materials or phases were 
observed. 

^.1.2    Electron Hicroprobe Analysis 

Ur ng a Norelco electron probe,  two polycrystalline samples were quantitatively 
analysed and were found to be stoichioaetric to within 0. ^ to 1$ which is the accu- 
racy of the method« 

The samples were also microprobe analyzed for impurities.    Specific analysis 
was made for those materials used in the vacuum system,  that is,  Fe, Hi, Cr, Cu,  Si 
and 0.    These elements were not observed down to the sensitivity of the measurement 
which is about 0.1 weight percent.    A full spectral check was made for all the other 
detectable elements, but this measurement did not reveal, any other Impurities. 

Bum— 
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k.1.3   Infrared Spectrographlc Analysis 

A Perkin-Elmer Type 621 infrared spectrophotometer fitted for reflectance 
measurements was employed in this phase of the investigation. 

The reststrahlen peak was used to Identify the presence of GaAs deposited on 
a silicon substrate«    The silicon substrate was chosen since there is no change in 
its reflectivity in the 30- to to-Hm range.    An almost identical reflectance peak 
was found for the GaAs film as is seen for hulk chromium-doped semi-insulating GaAs 
(compare Pigs, 17a and 17b). 

| 

Subsequent films grown on GaAs substrates gave rise to very large interference 
fringes, a typical example of which is seen in Pig. 17c This could only happen if 
there was a large difference in the index of refraction between the film and sub- 
strate, or if an interfacial layer, with a different index, existed between the 
GaAs substrate and the film. Examination of Pig. 17c also reveals a periodic ampli- 
tude variation with wavelength which suggests the presence of a second film. 

j 
t 
i 

i 

k.2   Verification of the Presence of an Interfacial Layer 

Two techniques were employed to determine if such a layer existed. First, a 
substrate was mounted in cross section, lightly etched and replicated. The replica 
was then observed in an electron microscope. The photomicrograph In Fig. 18 clearly 
shows an interface layer between the substrate and the GaAs deposit. Second, another 
sample was etched slowly down from the surface until the interface layer was revealed. 
A photograph of this layer is shown in Fig. 19, where the interface layer has folded 
over. Another sample of the interface layer was floated off this GaAs substrate 
and placed on a silicon wafer. Electron microprobe analysis of this film indicated 
only gallium and oxygen; therefore, the Interfacial layer is most probably Ga?Ch. 

', | 
Contamination of the gallium target by oxygen and water vapor occurs when the 

vacuum system is opened.    The films discussed above were deposited directly from 
this contaminated target;  consequently, the interface layer of gallium oxide is 
formed as the oxidized target surface is sputtered.    When all the oxide is sputtered 
from the target, a distinct gallium a^enide layer is deposited on the oxide layer 
as can be seen in Fig. 18 and as verified by x-ray diffraction, 

k,3   Techniques to Eliminate the Interfere Layer 

The preceeding experiments have determined the existence of an oxide layer on 
the substrate.    This layer was the cause of polycrystalline growth and must be eli- 
minated to enable epitaxial growth. 

29 
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ELECTRON PHOTOMICROGRAPH  OF  GALLIUM  ARSENIDE  AND SPUTTERED  LAYERS 
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FIG. 19 
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Two procedures have been employed Which together have solved the problem of 
the interface layer.   First, the galliua target is sputter cleaned with a shutter 
positioned in front of the substrate.   This removes the gallium oxide from the 
target surface.    Second, the shutter is opened and the substrate is sputter cleaned 
to remove any contamination that might have occurred during system ba&e-out and 
target cleaning.    The use of these procedures enabled the deposition of an epitaxial 
film which is described in the next section« 

Considerable engineering was required to introduce both a movable shutter and 
the capability of sputter cleaning the substrate. This was due to the presence of 
the two outer shrouds and the high temperature (~ 250°C) of the chamber. 

If.k   Initial Epitaxial Result; 

k,k,l   Deposition Parameters 

After the modification mentioned in the previous section were made, an 
epitaxial gallium arsenide film was deposited.    The following process parameters 
were used: 

1. Gallium target sputter cleaning - 1? W/cm2 for 15 min. 
2. Substrate rf sputter cleaning - 220 V (rms) for 12 min. 
3. Film deposition - 3.7 w/cra2 for 82 min. 
h. Substrate temperature - ~ 350°C. 
5. Deposition rate - 2kk A/min. 
6. Arsenic pressure - 25 mtorr. 
7. Substrate - Cr-doped GaAs oriented in the (100) direction. 

k.k.2    Reflection Elec+x-on Diffraction (RED) 

Each of the samples were mounted on a pedestal using silver paint.    The edges 
of the substrate were also covered with paint to prevent diffraction off the sub- 
strate.    The (110) pattern from the film can be seen in Fig. 20.    The computed "<l" 
spacing is proper for gallium arsenide, and the orientation of the patterns w<th 
respect to the substrate deavag? planes is correct.    Kikuchi lines, which indicate 
a high degree of order, are present for all orientations of the film with the 
electron beam.    Ho evidence of polycrystalline rings, amorphous halos or twinning 
can be observed. 

These RED results strongly indicate that the film surface is single crystal 
gallium arsenide which is epitaxialiy grown on the substrate, 

k.Kl   X-ray Diffraction 

The x-ray scan shown in Fig. l6c for the epitaxial sample has very large (200) 
and (UOO) peaks due to both the substrate and the film.    There are also very weak 

• 



Ki 

M951337-6 FIG. 20 

RED OF EPITAXIAL GaAs GROWN ON (100) GaAs SUBSTRATE 

ELECTRON SEAM ALONG [lio] 

•U 

mtOtom* rtoni iilMMMli-l  jgUjj^^toaÄj 
Ü'ftWfi tU I  Min   II I v. 



M951337-6 

OaAs lines associated with (311) and (220) plane« parallel to the sample surface. 
This indicates polycrystalllne growth somewhere in the fila.   Together with the BED 
results it is presently believed that the polycrystalllnlty arises due to initial 
growth on dirt particles.   The x-ray diffraction scan also has a broad amorphous 
peak around a "d" spacing of 2.62A.   This nay also be associated with particles on 
the surface prior to depositio* . 

k.k.k   Conductivity and Hall Measurements 

The conductivity was determined for a single crystal film grown on a 
chromium-doped GaAs semi-insulating substrate over the temperature range -lOC^C to 
130°C.    Due to the high Impedance of the sample (~ 10° ohms) dc measurements were 
made using a Keithley electrometer.    Sample preparation involved defining a Hall 
mesa by etching through the film.   Tin contacts were alloyed to the epitaxial layer, 
but this process also makes contact to the substrate.   The resistivity of chromium- 
doped gallium arsenide is ~ 10   ohm-cm at room temperature and decreases rapidly 
with increasing temperature, P ~ exp(AE/AT) where ÄE ~ 0.57 eV (Ref. 8) in our 
temperature interval of measurement.    Resistivlty measurements made on our epitaxial 
layer and substrate above room temperature (see Fig. 21) show an activation energy 
(0.63 eV) characteristic of the substrate and not the film.    At lower temperatures 
the substrate becomes more insulating and properly isolates the film to give meaning- 
ful film resistivity data.    At room temperature the film resistivity is 9.3 x H>3 
ohm-cm and exhibits a resistivity variation vith temperature of exp(0»085 ev/kT). 
If the reasonable assumption is made that the carrier mobility does not change 
appreciably cver this temperature interval, this temperature dependence can be due 
to a structural defect (Ref, 9) or to an impurity, e.g.,  copper (Ref. 10) or manganese 
(Ref. 11).    If levels deeper than 0.1 ev below the conduction band are present,  these 
of course, would be masked by the shorting-out effect of the substrate at higher 
temperatures. 

At this point no reliable Hall data is available for the epitaxial material. 
If one calculates the Hall nobility and carrier concentration from our results a* 
room temperature and assigns these values to the epitaxial layer, the results are as 
follows:    free electron density,  n = 7 x ICr^ OBT

J
 and Hall mobility, >*g = 9.7 

csr/V-sec.    Since typical Kail measurements for the Cr-doped substrate material 
indicate a net n-type conductivity with Hall mobilities ~ 100-600 cB2/V-sec,   signi- 
ficant contributions frees the substrate to the measured Hall voltages will exist if 
the Hall aobility of a fairly resistive film is below that of the semi-insulating 
substrate.    This Is believed to be the situation here.    Furthermore, a Hall aobility 
of 9.7 car/V-sec for electrons does not make sense in GaAs.    However,  it Is possible 
that  "he epitaxial film is p-type and has a Hall mobility less than commonly observed 
room temperature values of ~ k00 caa^/V-sec for pure material.    The measured Hall 
voltage will then consists of a negative contribution from the substrate and a posi- 
tive contribution from the film and not give a meaningful result if assigned to the 
film.    The hole concentration at room temperature, assuming a reasonable hole mobility 
of 100 cra2/V-s<ic and using the film resistivity of 9,3 x 3jß,   is calculated to be 
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— 6.7 x lü12 ot"3,   Experiments are In progress to grow the GaAs epitaxial layer on 
insulating substrates, i.e., sapphire, and so isolate the OaAs mesa for Hall measure- 
aent.   Alternatively, a thick layer, about 2 alls thick can be grown on semi-insulating 
OaAs, and the substrate renewed by lapping.   Unfortunately, using growth rates obser- 
ved for GaAs up to new, this would require 30 hours of time and multiple growth runs. 
If single crystal growth cannot be obtained on non-GaAs insulating substrates, this 
will be our only recourse in order to f JLly electrically characterise the epitaxial 
material. 

It. 5   Conclusions and Future Work 

There are two probable reasons for the observed properties of the first 
epitaxial GaAs film.   The most exiguous results are the high resistivity (~ 10* 
ohm-cm) Süd the apparent lew n-type mobility (~ 10 as^/tT-scc).   These imply a free 
carrier density of 7 x ICr^ oat"-'.    On the other hand, a mobility of 10 cn^/V-sec 
implies ionized impurities greater than 10     cm"^.   This Indicates an extremely 
high level of compensation.    The question then is whether these compensating species 
are principally impurities or arsenic and/or galliun vacancies.    Electron laicroprote 
analysis indicates impurity levels less than 10*9 cm"'.    One might therefore conclude 
that the compensation is due to vacancies rather than impurities.    Since the present 
Mobility measurements are in doubt due to the canceling effect of the substrate in 
the net measured Hall voltage, it is impossible to draw any hard conclusions at this 
time.    Attempts to grow gallium arsenide on sapphire are being made so that unambi- 
guous mobility measurements can be made.    If these results indicate a low ability, 
then vacancies probably are the controlling factor.    It will then be necessary to 
vary deposition rate,  substrate temperature and arsenic pressure in tr. attempt to 
reduce the vacancy concentration.   Whether the electrical properties are governed 
by p-type impurities or vacancies,  n-type material can be ;,:Tdt-ced cy doping the 
layer by introducing an impurity such as tin into the gallium target.    At seme level 
of doping the films will convert to n-type with higher mobility.    This can then be 
used as a measure of the intrinsic impurity or vacancy concentration if single cry- 
stal gallium arsenide cannot be deposited on the sapphire substrate.  ,If the elec- 
trical properties are determined by several impurities present at 1Ö*0 aa"-^ levels, 
this technique will determine their combined concentration.    If the Hall results 
on sapphire indicate a mobility which corresponds to impurity levels of 10*7 or 
Hr-5- cm"-', then either impurities or vacancies may again be the controlling factor. 
A more sensitive chemical analysis such as ion microprobe aass spectrometry or 
neutron activation analysis will be needed to resolve the anasoly. 

After the fundamental electrical and structural properties of the gallium 
arsenide layers have teen establirv,*:l an attempt will be made to fabricate a devic. 
consistent with these properties. 

Once the gallium arsenide has been characterized an aluminum target will be 
installed in the sputtering system and attempts wiU be made to deposit aluminum 
arsenide films on GaAs substrates. 
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5.0    REACTXVEUr SHWTEIED EPITAXIAL HfflLE FUNS | 

| 

The rutile modification of titanium dioxide is known to have one of the highest j 
dielectric constants (90 X and 180 11 c-axis) (Ref. 12) among the simple oxides. 
The preparation of the rutile form of titanium dioxide is complicated by the fact 
that there exist two other polymorphic forms of the oxide, anatase and brooklte.    In 
■any cases, the -variation in the measured properties reported on thin film titanium 
dioxide is due in large measure to the fact that the f Has deposited are generally 
comprised of nixed phases of titanium dioxide.   Goshtogore and Horieka fBel* 13) 
have been able to successfully prepare epitaxial films of rutile by chemical vapor 
deposition utilizing the reaction of titanium tetrachloride and oxygen.   We believe 
that the present work is the first successful eff. rt in obtaining epitaxial single 
crystal films of rutile by reactive rf spattering. 

5.1   Epitaxial Thin Film Deposition of TiOg 

Films uf rutile were prepared by reactive rf sputtering of a titanium 
target in oxygen.    The titanium target was 99.999S& pure and the oxygen was 5*9.99*$ 
pure.    The sputtering chamber was of stainless steel,  pumped with a conventional 
oil diffusion pumped and backed with a standard mechanical pump.    A liquid nitrogen 
cooled chevron baffle and a water cooled chevron baffle were located between the 
chamber and the diffusion pump.    All vacuum ports were sealed with vilon A "0" 
rings.    The system was evacuated to approximately 2 x 10"" torr before each rvr.. 

i 
The initial efforts to achieve epitaxy were directed toward growing rutile on 1 

rutile.    Rutile substmtes were cut with the c-axis normal to the surface.    Epitaxy \ 
was obtained at a substrate heater temperature of 650°C, an oxygen pressure of 10~2 

torr and power density of 1.6 w/cm .    Under similar conditions,  epitaxy was not 
achieved on (1102) and (0001) oriented sapphire substrates.    The stainless steel 
substrate heater was strongly oxidized at higher temperatures and was replaced with 
a tantalum heater. 

Substra.es were heated by placing them either directly onto a tantalum -s-irip 
heater or on a thin high purity AloO^ slide which was in direct contact with the 
heater.    The temperature cf the heater was monitored with an optical pyrometer at 
temperatures above 800°C and with a chroael-alumel thermocouple spot welded to the 
heater at temperatures below 800°C.    Agreement between the two was within 5°C at ! 
800°C.    Above 300°C the thermocouple weld would not hold due to the deterioration f 
of the heater in the oxygen sputtering environment.    At the elevated temperatures i 
strip heater li.e was limited.    The correlation between neater temperature and sap- 
phire substrate temperature was established by measuring the change in length of a 
c-axis oriented sapphire substrate for a given heater temperature.    The substrate 
temperature was then inferred from values of the linear expansion for sapphire per- 
pendicular to the c-axis.    More details of this calibration are presented in 
Appendix I. 
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A Movable shutter «AS provided between the substrate and the target.   The 
target «as spattered clean for about U ainutes «ith the shutter closed.   Theo, 
vlthout Interrupting the sputtering process, the shutter «as opened and deposition 
began.   The sputtering gas «as admitted to the chamber through a precision mlcrc- 
neter valve.   Since the system was continuously pumped daring deposition, a 
throttling valve «as necessary to keep from overloading the diffusion pump.   The 
inlet and exhaust valves vere adjusted to provide a chamber pressure of 15 x 10*3 
torr and * diffusion puss» foreline pressure of 25 at 10*3 torr.    Bated pumping 
speeds for Jk£ diffusion pump at this foreline pressure is about 250 liters per 
sluute.   The vol-v« of the sputtering chamber is about 25 liters, so that the 
sputtering atmosphere was being completely renewed about 10 times per minute. 

The «nrafcire substrates were prepared as discussed in Section 2.1.    Epitaxy 
!J*O been achieved at substxcte temperatures as low as 700°C.   Also epitaxial rutile 
films were formed at a "rarieiy ct substrate temperatures up to 1200°C.    At the 
upper iseater temperature, heater life was r-o severely limited that further increase 
in sufest*at« t-s-fjsraiure was Impractical.   The deposition rate vas approximately 
25 A/nin for a pever input density of l.h watts/cm^ to the titanium target. 

5.2   Structural Characterisation 

The film structure and epitaxial relationship was arrived at by reflection 
electron diffraction and x-ray diffraction data.    Figure 22a shows the expected 
reflection electron diffraction pattern with the electron team directed along [010] 
zone axis if the rutile film grows with its c-axis noxval to the film plane.    The 
diffraction pattern obtained for an epitaxial film grown on a (001) oriented rutile 
substrate is shown in Fig. 22b. 

X-ray diffracteseter traces of TiOj films grown on (1102) oriented sapphire 
substrates show & single diffraction peak correspondong to a "i" spacing of 2.U69A. 
This can be interpreted as (id) rutile planes growing parallel to the substrate. 
In order to analyze the reflection electron diffraction data,  diffraction patterns 
were calculated for the electron beam directed along the [lOl] and lOlOJ directions 
with (101) planes parallel to the surface (see Fig. 23).    This can be readily iden- 
tified with the experimentally obtained diffraction patterns shown in Fig. 2k. 
The angular rotation of the electron beam required to observe the [OlO] and [lOl] 
patterns is 90° and each individual pattern repeats with a period of l80° as 
expected for a tetragonal structure. 

The data for rutile films grown on (OOOl) sapphire substrates is srssewhat more 
ambiguous to interpret.    X-ray diffractometer data indicate that (100) planes of rutile 
grow parallel to the (0001) planes of sapphire.    Figure 25 shows reflection electron 
diffraction data which can be correlated with [üio] and [00l] directions of rutile. 
The calculated diffraction patterns are illustrated in Fig. 26.    Although .here is 
apparent agreeaent between the cseasured and calculated results, an examination of 
the angular dependence of the diffraction patterns reveals that the repeat period 
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M951337-6 FIG. 23 

CALCULATED RED PATTERNS FOR RUTILE FILM 
WITH (101) PLANES PARALLEL TO SURFACE 

309 

111 
•    •    • 
itf!      12T 

020       000       020 

ELECTRON 3EAM OIPECTEO ALONG {101] 

• 
• 

• 

• 
• 

• 
• 

• 
• 

• 

* 
$01 

• 
205 

• 
* 

• 

• 
• 

tO! 

002 
• 

202 
• !foo • 101 

000 

ELECTRON BEAM DIRECTED ALONG 10103 

kl 

a^ffija Mmummm*mwmmm 'ilgtliBiViriii 11 innii mi  ii ■ i inn i, i hi   ■ IT   i iriiTiriii'iriil'r 
,<<4. 



r*tmm wwwatffft «a t *w »m 

M951337-6 FIG. 24 

RED OF Ti02 ON (1102) Al203 
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RED OF Ti02, ON (0001) Al203 
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for the [OlO] and C00l3 patterns is 60° rather than l80°.   In addition the two 
patterns alternate with a 30° period rather than 90°.   This synmatry cannot be 
explained on the basis of the tetragonal symmetry of rutile.   There is no evidence 
in the literature that a hexagonal modification of TiOg exists.   A careful examina- 
tion of the diffraction p',tterns reveals that the higher order reciprocal lattice 
points occur in pairs.   A similar effect is observed in the diffraction data for 
chemical vapor deposited films on (0001) sapphire presented by Ooshtogore and 
Ubrieka (Ref. 13).    Furthermore,  (100) rutile planes are identified as growing 
parallel to (0001) sapphire planes.   However, a point of confusion arises with 
their assessment of the epitaxial relationship between the film and substrate. 
The reciprocal lattice vectors [OOl] and [Oil] of rutile are Identified with the 
[HO] direction of sapphire.   This appears to be in error and a further comparison 
of results becomes Impossible. 

A tentative Interpretation of our observations is the following.    The (0001) 
plane of sapphire exhibits bi-3-fold symmetry.    The atomic arrangsment of sapphire 
in this plane cannot accommodate, in an unambiguous fashion, the atom arrangement 
of (lOO) planes of rutile which have two fold symmetry.    A reasonable speculation 
is that three equivalent nudeation sites may occur on the (0001) sapphire which 
would give rise to an unusual twinned cyrstal arrangement exhibiting the six-fold 
symmetry observed.    Thicker films are being grown which will give unambiguous back 
reflection data required to resolve this issue.    Electron micrographs of replicated 
surfaces of rutile films grown on (0001) and (1102) sapphire (see Figs. 27 and 28) 
show that the films grown on the (0001) substrates are considerably rougher than 
those grown on (1102) substrates,    This rough topography may be indicative of highly 
twinned growth on (0001) substrates. 

5.3   Future Work < 

Optical waveguiding experiments will be carried out with rutile films grown on { 
(2102) sc   Aire.    Deposition parameters will be optimized to yield films with the \ 
best optical quality.    Optical and electrical properties of the film will be fully j 
characterized.    Epitaxy of rutile on lithium niobat« substrates will be explored, ? 
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ELECTRON MICROGRAPH OF Ti02 ON (0001) Al203 
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ELECTRON MICROGRAPH OF Ti02 (1102) A!203 
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AFPESmXl 

SUISTRATE T31FERATUHE MEASUSEMEBI 

One of the more difficult pieces of data for the experimenter in thin film 
v&cuuf deposition to obtain is ;substrate temperature during filo growth.    A common 
situation is found where a film is to be grown on one side of a planar substrate. 
The substrate surface oust be exposed to the deposition source; therefore, the 
heating of the substrate oust be arranged so as not to interfere with the line of 
right path of the deposit.    Systems utilizing radiation exclusively for heating and 
temperature monitoring must operate in the region where the substrate is strongly 
absorbent.    For sapphire this would require optics and energy source operating 
above 7U wavelength. 

The most common method of substrate heating is to place the substrate in 
contact with a solid heat source at the temperature desired.   Various methods are 
used to insure that the substrate is at the same temperature as the source.    Sub- 
strates can be held to the heater by gravity, mechanically clamped, or bonded with 
some good heat transfer medium.    The most satisfactory method to ensure that the 
substrate follows the heater temperature is through the use of a bonding material. 
. awever, this method suffers from the fact that almost any bonding material will have 
an appreciable vapor pressure at elevated temperature thereby constituting a serious 
source of contamination. 

Through a series of experiments which involved the normal operations of loading 
the substrate in the sputtering system and pumping down, we have found that a sub- 
strate simply held by gravity on a heater, while not necessarily achieving the same 
temperature as the heater, will repeatedly come up to very nearly the same equili- 
brium temperature.    The correlation between heater temperature and sapphire substrate 
temperature was then established by measuring the change in length of a c-axis 
oriented sapphire substrate for i given heater temperature.   The substrate tempera- 
ture was then inferred from values of the thermal linear expansion for sapphire 
perpendicular to the c-axis. 

The heater was a tantalum strip heater,  identical to those used in the major 
portion of this program.   The heater temperature was determined with an optical 
pyrometer at temperature above 800°C and with a chromel-alurael thermocouple spot 
welded to the beater strip at temperatures below 800°C.    At 800°C, agreement between 
the two was within 5°. 

The length measurements were made with a cathotometer capable of reading to 
0.001 cm.    Observed changes in sapphire length ranged from about 0.010 cm at 250°C 
substrate temperature to 0.0<& at lkO0°C substrate temperature.    Observations were 
made for fas pressures of less than 2 x 10" 3 torr, 10"* and 10"1 torr.    The thersml 
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expansion data for c-axis oriented sapphire used for this study are presented 1c 
Fig. AI«    The calibration curves resulting from these measurements are shown in 
Fig. A2«    All curves lag the heater temperature considerably at the lover tempera- 
tures but rapidly approach it for heater temperature above 1QQQ°C.   As expected 
the Jxfii temperature lag is most pronounced for low gas pressures.    The low tempera- 
ture lag is least for the case where a thin AI2O3 slide is used as a liner.    This 
is indeed fortunate since this liner is used primarily to reduce substrate contamina- 
tion from the heater.   At higher temperatures, however, the liner appears to cause a 
slight reduction of substrate temperature as opposed to the bare heater. 
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ELONGATION OF SAPPHIRE VS TEMPERATURE 
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