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V. CRYSTAL GROWTH OF EPITAXIAL SEMICONDUCTOR FILMS BY
SPUTTER DEPOSITION: EXPERIMENTAL RESULTS

Sections I through IV, presented in Part | of this review, included discussions on
experimental techniques, the physics of ion/ surface interactions, and ion bombardment
effects on film nucleation and growth kinetics. In this section, the literature on the growth
of epitaxial semiconductor films is reviewed in detail in this section. The discussion is
divided into separate subsections on elemental semiconductors, III-V, I1-VI, IV-VI,
“other” semiconductors, and metastable semiconducting alloys. In each case,an attempt
was made to provide a critical analysis of the present understanding and state of the art.
Early work on sputter deposition is described in a series of general review articles by
Francombe>™® as well as in more recent reviews by Greene’”* and Greene and
Eltoukhy®?’ directed specifically towards semiconductors.

Figure 23 summarizes in the form of a schematic pseudophase diagram the general
results of vapor phase crystal growth studies carried out as a function of growth
temperature T, and deposition rate R. The phase fields in this diagram represent the
crystalline state of the film: amorphous, polycrystalline, or single crystal. The phase
boundaries are actually not sharp as shown and, in fact, their placement is somewhat
subjective depending on the criteria adopted for interpreting diffraction data. Neverthe-
less, the general features of the diagram are correct. The crystalline quality of an as-
deposited film in a clean system increases at higher T, (provided that decomposition does
not occur) and lower R values. In addition, for a given film/substrate combination, the
transition between amorphous and polycrystalline films is a strong function of the
growth temperature and, generally, only weakly dependent on deposition rate. However,
an accurate measure of critical growth temperatures is difficult to obtain since initially
deposited amorphous layers may transform to the crystalline state due to annealing
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FIGURE 23. A schematic phase map of the crystallinity of as-deposited metal and semi-
conducting films as function of growth rate and temperature.

during the deposition of subsequent layers. The enthalpy of amorphous to crystalline
transformations is typically on the order of 10 to 100 meV. Within the polycrystalline
phase field, increasing T.. or decreasing R results in an increase in the preferred
orientation of the deposited film.

The polycrystalline to single crystal transition depends strongly on both T, and R
through nucleation kinetics, and single crystal films grown near the transition region may
still contain substantial densities of mechanical defects such as twins and stacking faults.
At very low values of R, it is sometimes possible to observe direct transitions from
amorphous to single crystalline structures with no intermediate polycrystalline phase.
As discussed in Section 1V.B.l, both the amorphous to polycrystalline and the
polycrystalline to single crystal transition temperatures can be decreased fora given R by
the use of low energy ion irradiation during deposition.

A. Elemental Semiconductors
1. Germanium

Most of the early work on the sputter growth of epitaxial semiconductors was carried
out on Ge.?®2? Krikorian and Sneed??®*?*? and Krikorian®” investigated the effects of
film growth rate, growth temperature, and the background system pressure on the
epitaxial growth of sputtered Ge on (100) and (111) oriented Ge substrates as well as on
cleaved (111) CaF,. The experiments were carried out in a dc system with a base pressure
of <1X 10 Torr (1.3 X 107 Pa) using target voltages Vrand Arsputtering pressures Pa,
in the range from —2 to —5 kV and 8 to 65 mTorr (1 to 8.6 Pa), respectively. Figure 24
shows typical results for the sputter growth of Geat V=-3 KV on(111) Ge. The growth
rate shown in Figure 24 was varied by changing Pa,.

Kahn®” studied the effects of background gas contamination and substrate
preparation on the homoepitaxial growth of Ge on (111) Ge inan UHV (2X 107"° Torr,
2.7 X 10"® Pa) dc sputtering system. The films were grown at Ar pressures of 10 to 100
mTorr (1.3 to 13.3 Pa) with a target voltage of —2 kV. High energy and low energy
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FIGURE 24. A phase map of the crystallinity of Ge films sputter
deposited onto (111) Ge substrates as a function of growth rate and
temperature, %323

electron diffraction (HEED and LEED) as well as Auger electron spectroscopy (AES)
were used to characterize the substrate prior to film deposition, and the effect on the
epitaxial temperature of adding controlled oxygen partial pressures during film growth
was investigated. AES analysis of polished and etched substrates following a vacuum
system bake-out at 250°C revealed contamination by sulfur, carbon, and oxygen.
However, the contaminant peaks disappeared after annealing the substrates at 625°C
prior to sputter deposition, and HEED examination revealed strong Kikuchi line
patterns characteristic of a clean single crystal surface. Such treatment lowered the
epitaxial temperature from 300 to 145°C at a growth rate of 0.18 um/hr.

The crystal growth results on clean substrates from Kahn’s work are summarized in
Figure 24 for comparison with those of Krikorian and Sneed. The transition
temperatures obtained by Kahn were considerably lower and the dependence of the
epitaxial temperature on the film growth rate was not as steep, leading to a lower
activation energy for obtaining single crystals. This was due to an enhancement in
adatom surface mobility during the nucleation and early stages of film growth caused
both by the thermal regeneration of the substrate surface immediately prior to deposition
and to the maintainance of a cleaner deposition environment.

Kahn demonstrated directly that the background oxygen partial pressure during
deposition plays a strong role in determining the epitaxial temperature. T. was observed
to increase by 75 to 100°C in the presence of 107 to 107° Torr (107 to 107 Pa) of oxygen
intentionally added through a controlled leak. In addition, T, was 100 to 200°C higher
when using Ar with 20 ppm oxygen than with Ar containing | ppm oxygen. AES and
electron diffraction analysis indicated that oxygen was initially adsorbed on the substrate
surface forming GeQ; nuclei at activated sites such as impurity centers and dislocations.
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Increased surface coverage of GeO; was associated with enhanced film misorientation
and higher epitaxial temperatures. Under the best vacuum conditions, T. values as low as
100°C were observed which agrees with reported results for the growth of Ge films by
evaporation at similar growth rates in UHV.?*

The effects of ion bombardment on both substrate cleaning and the reduction of
impurity atom incorporation probabilities during film deposition are also illustrated in
Figure 24. Layton and Cross®’ obtained results which were similar to those of Kahn
while carrying out film growth in a vacuum system with a base pressure similar to that of
Kirkorian and Sneed. Layton and Cross used a magnetically supported triode system
operated at a target potential of ~1.5 keV and an Ar pressure of | mTorr(0.13 Pa). Prior
to deposition, the substrates, (111) oriented Ge wafers, were heated to 600°C for 10 min
foliowed by 5 min of low energy ion bombardment. During deposition, the growing films
also experienced ion bombardment due to the induced negative potential at the substrate
with respect to the positive space charge region.

Hag®' reported the effects of ion bombardment during film growth on the electrical
properties of epitaxial Ge films. In his work, an asymmetric 60 Hz ac sputtering system
with a base pressure of 7 X 107 Torr (9.3 X 10™ Pa) was used. Sputtering was carried out
in Ar at a pressure of 45 mTorr (5.9 Pa) with Vy between—2and—3kVand R=1pum/hr
and resulted in an epitaxial temperature on (111) Ge substrates of 350°C. Films grown
from p-type targets were always found to be p type. However, films grown from n-type
targets were p type when the substrate bias V, applied during the negative half of the cycle
was low, but switched to ntype at higher V./ Vrratios. Forexample, films deposited at V¢
=-3kVand V, = —0.6 kV at 360°C were found to be n type with a room temperature
carrier concentration of 3 X 10" cm™, approximately equal to that of the target, and a
near bulk electron mobility of 1930 cm?/ V-s. The effect of V., applied in alternate half
cycles, was apparently to reduce the incorporation of acceptor species originating from
contamination in the vacuum system. Capacitance-voitage measurements of such films
grown on p-type substrates indicated the formation of abrupt p-n junctions.

Cadien and Greene?® have recently reported the heteroepitaxial growth of Ge on semi-
insulating (100) GaAs. The Ge/ GaAs lattice mismatch is only 0.08% and very high quality
Ge crystals were obtained. The films were grown in an rf diode sputtering system with a
base pressure of ~ 1 X 107 Torr (1 X 107 Pa) using a liquid nitrogen trapped 450-2/ sec
turbomolecular pump. Sputtering was carried out in gettered ultra-high purity Ar at P,,
ranging from 5 to 25 mTorr (0.67 to 3.3 Pa) with Vr=—760 V. The target was an intrinsic
Ge single crystal with a room temperature resistivity of >40 Q-cm. The highly polished
GaAs substrates were sputter etched at —500 V for 2 min and —250 V for 5 min at Pa, =5
mTorr (0.67 Pa) and T, = 470°C immediately prior to deposition. The films were In
doped p type using an evaporative In source. The incorporated In concentration was
varied over two orders of magnitude by changing the applied substrate bias from 0 to
—200 V. In-doped Ge films 2.7 um thick grown at P5, = 15 mTorr (2 Pa), V.=0,R =0.8
pum/hr, and T. = 513°C exhibited room temperature hole mobilities which agree very well
with those reported for bulk single crystals with comparable doping concentrations.?”’
For example, un (300 K) = 826 cm?/ V-sec for p (300 K) = 1.2 X 10" cm™,

2. Silicon

The majority of the work on the sputter growth of Si has been carried out using ion
beam sputtering. The first reported study was by Unvala and Pearman®*® who used a 12-
keV Ar’ ion beam operated at 10 Torr (10% Pa) to obtain Si deposition rates of up to 2.4
pm/hr. Prior to deposition, the (111) Si substrates were flashed for 2 min at 1100°C in
107 Torr (107 Pa) vacuum. The authors reported a transition from polycrystalline to
single crystal films at substrate temperatures between 700 and 730°C. Both n- and p-type
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layers were grown and mesa diodes were fabricated with reverse breakdown voltages
ranging from 30 to 150 V. Films grown on substrates held at ground potential were
observed to be heavily twinned and this was attributed to stray ion bombardment. Films
grown on substrates held at +9 kV were reported to exhibit no twins or stacking faults.

In a series of papers, Weissmantel and co-workers®**"**? discussed the use of ion beam
sputtering for the growth of epitaxial Si films on (100) and (l11) oriented spinel
substrates etched with orthophosphoric acid at 350°C prior to film growth. The best
results were obtained for Ar sputtering pressures of <6 X 10™ Torr (8 X 10™ Pa) and a
residual gas background pressure of <2X 107 Torr (2.7 X 107 Pa). A 10-keV, 15-u A Ar*
ion beam was used to sputter a 50-mm diameter area in a 100 }-cm B-doped target. The
film deposition rate was 0.36 um/hr. Optimum growth temperatures for epitaxial layers
on spinel were found to be between 850 and 875°C. Under these conditions - to 2-um-
thick films exhibited room temperature hole mobilities of ~150 cm?/ V-sec. The room
temperature p-type carrier concentration of these films ranged from 1 X 10" to 2 X 10"’
cm™. Plots of carrier concentration vs. inverse temperature gave an activation energy of
50 meV which was consistent with B doping from the target. Two 8-um-thick films were
grown on (100) spinel and were found to have mobilities of ~360 cm?/ V-sec, of the same
order as bulk Si with equivalent carrier concentrations. This indicated that, as expected,
the films were more highly defective near the Si/spinel heterojunction resulting in iower
mobilities for the thinner films. A high density of low angle grain boundaries and
stacking faults was observed in all films.

Pechelyakov et al.*' and Aleksandrov and Lovyagin®*?** investigated the homoepi-
taxial nucleation of Si on vicinal (111) Si substrates using dc triode sputtering with a
magnetically confined plasma. Pre-annealing the substrates at 1200 to 1300°C in gettered
ultra high vacuum removed carbon contamination in the form of 8-SiC particles and
allowed two-dimensional layered growth at 800°C.

Rf glow discharge sputtering has been used to grow single crystal (111) Si films on
(0001) sapphire from a 10° Q-cm single crystal Si target.?*® The system base pressure was
107 Torr (10° Pa) and the deposition rate was 1.5 um/hr. The target voltage was not
specified except to be between —2 and —5 kV. The films were n type with a rather high
carrier concentration of 4.8 X 10'® cm™ and an electron mobility of 256 cm?/ V-sec. The
authors obtained amorphous films for substrate temperatures less than 800°C,
polycrystalline films between 800 and 900°C, and single crystals between 900 and
1015°C. A strong positive correlation was observed between film crystallinity and
background gas purity.

3. Ge\«Si, and Ge/ Si Heterojunctions

While some initial work has been reported on the epitaxial growth of Ge-:Si, alloys on
(111) oriented Ge substrates,?** there is considerably more interest recently, particularly
by the solar energy community, in Ge/Si heterojunctions. The motivation is to grow
relatively high efficiency GaAs solar cells on potentially inexpensive Ge/Si substrates.
The utility of such structures depends on the ability to grow high quality epitaxial Ge
films, which lattices match GaAs, on Si. However, there is an ~40; lattice mismatch
between Ge and Sileading to the generation of high dislocation densities in Ge overlayers
starting from abrupt heterojunctions. High dislocation and twin densities have, in fact,
been observed in thin Ge films deposited on Si by electron evaporation.

The first work on sputter deposited Ge/ Si heterojunctions was that of Aleksandrov et
al.*** who used a magnetically and thermionically supported dc triode system to study the
nucleation of Ge on vicinal (111) Si substrates. Prior to deposition and after attaining a
base pressure of 1077 Torr (10 Pa), the sputtering chamber was baked at 200°C and
gettered by sputtering Si from a separate target. The substrate, shielded during the Si
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sputtering, was then heated to 1300°C for 10 to 20 min after which mass spectrometric
analysis showed that the partial pressure of unsaturated hydrocarbons in the chamber
was less than 107'° Torr (1078 Pa). The Ge target was cleaned by electron beam as well as
by ion bombardment. The substrates were then given a final flash heating at 1300°Cfor |
min prior to initiating film deposition at T, between 480 and 590°C. The target voltage
was —600 V at an Ar pressure of between 0.5 and 1 mTorr (0.007 and 0.13 Pa), allowinga
deposition rate of 2.5 um/hr. Initial film growth occurred along microsteps formed in the
Si substrate during the thermal etch. At higher nominal film thicknesses, trapezoidal
island formation was observed. Electrical measurements made on 2.5-pm-thick films
indicated p-type conductivity with carrier concentrations between 10 and 107 cm™ at
measurement temperatures between 77 and 300 K. Room temperature hole mobilities of
600 to 1000 cm?/ V-sec were obtained.

Bajor et al.>*® have recently reported the growth of high quality 1.5-um-thick Ge single
crystals on (100) Si substrates at relatively low temperatures, 470°C, by rf diode
sputter deposition. The film growth conditions were chosen to provide low energy ion
bombardment of the substrate and growing film in order to produce a compositionally
graded Ge/Si junction in an attempt to reduce the misfit dislocation density in the bulk
film. The system base pressure was 10~ Torr (107 Pa) and sputtering was carried out in
gettered Ar at P,, = 15 mTorr (2 Pa) with an induced substrate potential Vi=—65V. The
target was an intrinsic Ge single crystal with a room temperature resistivity of >40 Q)-cm.
R was 0.87 um/hr with Vr = =750 V. X-ray diffraction and electron channeling
spectra indicated that the films were single crystals with Hall measurements showed them
to be p type with p (300 K) = 1 X 10"" cm™ and corresponding carrier mobilities, 1280 cm?/
V-sec, comparable to the best bulk crystals. The net acceptor concentration was found by
C-V measurements to increase from 4 X 10'* cm™ at the substrate surface to the bulk film
value of 1 X 10" cm™ over a ~200-nm-thick compositionally graded junction. I-V
measurements on large area planar diodes indicated reverse breakdown voltages of 10 V.

B. Compound Semiconductors

Sputter deposition offers certain advantages over other vapor phase techniques in
controlling elemental incorporation probabilities during the growth of compound and
alloy films. For example, evaporative film growth of 11-VI compounds which evaporate
congruently but dissociatively requires separate sources for the metal and metalloid
species. Thus, three-temperature evaporation,* or as it is presently termed, molecular
beam epitaxy,’*® is used. Furthermore, doping necessitates the use of additional sources.
However, steady-state elemental sputtering rates from a compound or alloy target are
independent of elemental vapor pressures, allowing the use of a single source. The
provision of an overpressure of volatile species and the introduction of doping species
can both be accomplished using a single two-phase source, e.g., Gao.3Sbo.s,'”’ containing
the desired dopant. Alternatively, gas phase species such as AsHj, to provide an As
overpressure during the growth of GaAs, or Al(CH3)s, to provide Alas either adopant or
a host atom species, may be added to the discharge. Furthermore, low energy ion
bombardment of the growing film provides additional control over elemental
incorporation probabilities.

1. I1I-V Compounds

Detailed investigations have been carried out on the sputter deposition of InSb, GaSb,
Ini-«Ga.Sb, and GaAs leading to the growth of high quality single crystals of these
materials. Reported work on the growth of AIN, Ga-.Al,As, GaN, GaP, InAs,
Ini<Al,Sb, and InN is also reviewed in this section. The growth of epitaxial metastable
111-V based alloys such as InSb,-Bi, and (GaSb)-,Ge, is discussed in Section V.C.
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a. Antimonides
i. InSb .

Most of the early work on the sputter deposition of 111-V compounds was carried out
on InSb**** grown on cleaved NaCl. Epitaxial films were often obtained,
notwithstanding the very large film/substrate lattice mismatch of ~15%, and reported
values of T, ranged from 150%** to 320°C.2*° The films were typically n type with-carrier
concentrations of the order of 10'” cm™ and electron mobilities, limited by extremely
high misfit dislocation densities, of ~500 cm®/ V-sec. In one case, " electron mobilities as
high as 13,000 cm?/V-sec and hole mobilities of 500 cm?/ V-sec were reported for as-
deposited films.

The most thorough of the early crystal growth studies was carried out by Kahn®' who
used a dc diode sputtering system with a reflection high energy electron diffraction
(RHEED) attachment to investigate the growth of InSb on air-cleaved NaCl. The system
base pressure was 5 X 107 Torr (7 X 107 Pa), the Ar sputtering pressure was 125 mTorr
(16.7 Pa), and the target voltage was —1.25 kV. Epitaxial films, although highly twinned
in[111] directions, were obtained at T, > 250°C and R =0.54 um/hr. Kahn reported that
at these growth temperatures the intial 20 A of deposit was tetragonal In oriented (001),
[110] In || (001),{110] NaCl. Additional evidence for free In formation during the early
stages of InSb film growth was reported later by Greene and Wickersham.”* At a
nominal thickness of 32 nm, Kahn observed that the InSb film was a mixture of hexagonal
wurtzite and cubic sphalerite phases which eventually gave way to the sphalerite
polymorph at higher film thicknesses.

Greene and Wickersham®* investigated the growth of InSb films on air-cleaved CaF,,
BaF,, NaCl, and Nal substrates as well as on polished and annealed, (p-a), (1 11) oriented
CaF,. Sputter deposition was carried out at an Ar pressure of S mTorr (0.67 Pa) inan rf
diode system with a base pressure of $X 107 Torr (7 X 107 Pa). The Arsputtering gas was
further purified before introducing it into the system by passing it through a Ti sponge
getter heated to 900°C. The target voltage was varied between —0.3 and —1.1 kV,
allowing deposition rates between 0.1 and 2.7 um/hr. All films were approximately 0.2
wm thick. The epitaxial temperature was a function of both the substrate material and the
deposition rate. For example, films grown at R = 0.12 pm/hr exhibited an epitaxial
temperature of 150°C on cleaved BaF,, which has a 4.3% lattice mismatch with InSb, as
compared to T. = 225°C on cleaved CaF; with a mismatch of 18.5%. In both cases the
epitaxial relationship was (111), [110] InSb || (111), [110] substrate. The epitaxial
temperature increased on (p-a) CaF; from 175°C at R = 0.12 um/hr to 300°C at 2.7
wum/hr. The n-type carrier concentration of films grown on (p-a) CaF, was of the order of
10" cm™. From an analysis of the temperature dependence of the electron mobility, it
was determined that the primary scattering sites were dislocations and that the charge
carrier activation energy for surmounting such barriers was 40 meV.

Recently Bajor et al.>* and Barnett et al.”*® have used the same system to grow single
crystal InSb on semi-insulating (111) oriented GaAs substrates at temperatures from 300
to 475°C. The InSb/ GaAs lattice mismatch is ~14%. In the latter experiments, undoped
single crystal InSb wafer targets were sputtered at Vr =—800 V in Ar pressures ranging
from 5 to 40 mTorr (0.67 to 5.3 Pa). Room temperature electron mobilities of up to
20,000 cm?/ V-sec with carrier concentrations of 3 X 10'® ¢cm™ were achieved in films
grown using an applied substrate bias of V, =—60 V to produce a compositionally graded
junction as well as to decrease the incorporation probability of background gases.
Successive chemical etching of as-deposited films followed by temperature-dependent
Hall measurements showed that the electron mobility exhibited a sharp decrease near the
graded InSb/GaAs interface due to the large density of misfit dislocations.

251
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ii. GaSb

Eltoukhy and Greene'”” have grown single-crystal GaSb films on semi-insulating (100)
GaAs substrates using multitarget sputtering (MTS)"**'%* to vary the Sb/ Ga atomic flux
ratio, r, impinging upon the growing film. The effects of systematic variations in growth
variables (r, Ts, V1, Par, and sputtering gas purity) on the electrical properties of
deposited films were evaluated. The films were p type at low temperatures with a p-to-n
conversion occurring near 230°C. The room temperature hole concentration ranged from
5% 10" to 1 X 10'® cm™ with a mobility between | and 100 cm?/ V-secin 1-um thick films.

In all cases, temperature-dependent (8- to 600-K) Hall coefficient measurements could
be fitted with two acceptor levels and a net concentration of very shallow (<! meV)
acceptors. The deepest acceptor level occurred at 80 meV above the valence band edge
and was associated with electrically active sites on dislocations originating at the
film/substrate interface. A second acceptor level occurred at 40 meV above the valence
band edge and was directly related to Sb vacancies or equivalent point defect complexes.
Figures 25A and 25B show the change in concentration of this level, Na;, with T, and the
Sb/Ga impingement flux ratio r. Analysis of temperature-dependent mobility data
showed that the dominant charge carrier scattering sites were again dislocations
introduced due to the large film/substrate lattice mismatch, ~7%.

139

iii. In,-;Ga,Sb Alloys and InSb/GaSb Superlattices

Greene et al.'®”'® first reported the growth of single crystal (In,Ga)Sb alloys as well as
InSb/ GaSb superlattice structures by rf multitarget sputtering.'®® In this work, two tar-
gets, one InSb and the other GaSb, were used and the substrates was continuously rotated
through two electrically and physically isolated sputtering discharges. The film was
thus formed by the sequential deposition of InSb and GaSb layers whose thicknesses
could be adjusted from fractions of a monolayer to tens of nm. The amount of
material deposited per target pass, A, and the interlayer diffusion coefficient determined
whether or not the resulting films were homogenous or compositionally modulated.

Single crystal solid solution In-,Ga,Sb alloys were grown on cleaved BaF; at
temperatures ranging from 150 to 300°C with layer thicknesses per target pass of the
order of, or less than, a monolayer. Measured values of lattice constants vs. film
composition obeyed Vegard's law and agreed well with bulk values. Figure 26
summarizes the structure of (In,Ga)Sb films as a function of growth temperature and film
composition. Both the amorphous to polycrystalline transition and the epitaxial
temperature increased with increasing mole percent GaSB. More recently, Eltoukhy and
Greene”*® have used MTS deposition from Ing;Sbe; and Gao;Sbo7 targets to grow
single crystal In,Ga-Sb films (0 < X < 1) on semi-insulating (100) GaAs substrates.
From measurements carried out at 8 K, samples with x > 0.85 were n type, while those
with x < 0.85 were p type. The compensation ratio was quite large for alloys with
compositions near the crossover.

Single crystal InSb/GaSb superlattice structures grown by MTS have been
investigated in detail by Eltoukhy and Greene.'”' The epitaxial temperature for films with
layer thicknesses between 1.2 and 7 nm was found to increase with increasing modulation
period A. The A dependence resulted from a decrease in the coherence between layers and
the associated increased amount of plastically accommodated strain which occurred with
increasing layer thickness. The critical layer thickness, h., for maintaining coherent
interfaces in InSb/GaSb superlattice structures was determined using X-ray diffraction
satellite techniques”® and was further validated by calculating the limiting layer
thickness required for bowing of threading dislocations under the misfit strain. Both
methods showed that the coherent to incoherent transition for a <110> superlattice
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FIGURE 25. (A) The concentration of the acceptor level N, (Iocated 40 meV above
the valence band edge) as a function of GaSb film growth temperature using different
target arrangements; (B) N, as a function of the Ga/Sb incident flux ratio during the
sputter growth of GaSb films on GaAs. (From Eltoukhy, A. H. and Greene, J. E., J.
Appl. Phys., 50, 6396, 1979. With permission.)

modulation direction occurred at h. = 3.5 nm. Increasing T, and decreasing A also resulted
in a decrease in the density of microtwins and low angle dislocation boundaries which
were observed in all films.

iv. Im-.ALSb

Greene et al.”’ reported the growth of epitaxial Ini-<Al,Sb films with 0.2 <x < 0.5 on
cleaved NaCl at 400°C using multitarget rf sputtering. Alloys with substantial AlSb
contents were difficult to work with since they were hygroscopic and highly reactive. The
films had to be encapsulated before removing them from the vacuum system.
Jachimowski and Data®’® obtained polycrystalline IniALSb films by dc sputter
deposition in Ar on Corning® 7059 substrates at 300°C. No electrical properties have
been reported.

1.167
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b. Arsenides
i. InAs

Polycrystalline InAs films with rather low electron mobilities have been deposited by
Ar dc sputtering in systems with poor base pressures.?®***!' Szczyrbowski et al.?!
observed some increase in u. due to gettering the Ar sputtering gas and applying a
substrate bias during deposition. The best films had room temperature carrier
concentrations of ~5 X 10'® cm™ with mobilities of ~500 cm?/ V-sec compared to the
polycrystalline target which had n =5 X 10'® ¢cm™ and p. = 1.9 X 10* cm?/ V-sec.
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FIGURE 26. A plot showing the crystallinity of rf sputter-deposited In, - ,
Ga,Sb films on cleaved BaF. as a function of film composition and growth
temperature. (From Greene, J. E., Wickersham, C. E.. and Zilko, J. L., J. Appl.
Phys., 47, 2289, 1976. With permission.)

ii. GaAs and Gai-. Al As

The early work on the sputter deposition of GaAs was carried out using eitherdc
or rf** diode sputtering in Ar from polycrystalline or pressed powder targets without
supplying excess As to the growing film. The films were generally heavily twinned with
epitaxy obtained only under very restricted sets of deposition conditions.

Berak and Quinn'*’ used reactive rf sputter deposition to grow GaAs films in excess
arsenic vapor obtained by sublimation of solid As. The target was initially liquid Ga buta
skin of GaAs immediately developed under all sputtering conditions. In order to avoid
condensation at surfaces other than the substrate, the entire chamber had to be
maintained at a temperature at which the equilibrium vapor pressure of arsenic was
greater than the sputtering pressure. The system base pressure was ~2 X 107 Torr (2.7 X
107 Pa) and the sputtering pressure was approximately 15 to 40 mTorr (2 to 5.3 Pa).
Single crystal films were obtained on (0001) and (1102) oriented sapphire and (100)
GaAs, but both the deposition rate and the substrate material had a large effect on the
epitaxial temperature.

In their experiments, Berak and Quinn estimated that the impingement rate of As,
vapor was 10’ higher than that of sputtered Ga and As species. Thus, one would expect
that the film growth rate in this case would be surface reaction rate limited. This was, in
fact, observed; activation barriers of 0.2 to 0.35 eV were measured and the growth rate

262,263
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increased with substrate temperature. Samples grown at 330°C were found by electron
microprobe analysis to be arsenic rich with a composition of Gag g7.¢.006 AS} 02740006, While
films grown at 490°C were stoichiometric to within experimental accuracy. Carrier
mobility in all cases was less than | cm?/V-sec indicating high structural defect
concentrations. In a separate set of experiments, Al wire was floated on the liquid Ga
target and a single crystal Gag 30Alos1As film was grown on a (100) GaAs substrate at
500°C. A second single crystal film, with composition GaggsAlo.4As, was then grown
epitaxially on the first.

The first really high quality single crystal GaAs films grown by sputter deposition were
obtained recently by Barnett et al.'” who used rf diode sputtering in excess As. Both p-
type and semi-insulating films with high carrier mobilities were deposited on semi-
insulating (100) GaAs substrates. The system base pressure was 107" Torr (107° Pa) while
Pa: ranged between 3 and 45 mTorr (0.4 and 6 Pa) with V1 between —1000 and —1500 V.
The targets were undoped n-type GaAs (n = 8 X 10'® cm™ and p. = 3100 cm?/ V-sec)
wafers and excess As was supplied to the growth interface by evaporation of crushed
single crystal GaAs or 99.9999% pure As powder from an effusion oven. At the film
growth temperature of 600°C, the deposition rate (~1 pm/hr) was controlled by the
target sputtering rate. Films grown under conditions corresponding to an As/Ga
impingement ratio of 210 were observed to have a mirror-like featureless surface
indicative of film growth in the As-stabilized mode.

Laue back reflection and dispersive double crystal’®® X-ray diffraction measurements
indicated that the films were single crystals. Using the latter technique, the half-widths of
the (400) diffraction peaks from the films were found to be less than those measured for
the substrate, ~32 sec of arc. Undoped films were semi-insulating n type due primarily to
the incorporation of oxygen which was present as a background contaminant in the
discharge. Oxygen is a compensating deep donor in GaAs. The films exhibited room
temperature carrier concentrations of <10' cm™.

Varying the applied substrate bias between 0 and —250 V resulted in changes in the
incorporated oxygen concentration, as measured by secondary ion mass spectrometry,
and corresponding changes in the electron mobility as shown in Figure 27. At low values
of V,, ion bombardment reduced the oxygen concentration and increased the electron
mobility due to preferential sputtering from the growing film. This effect was overcome
at higher values of V. by increases in the oxygen incorporation probability due to
trapping. Barnett et al.'” also showed that the electron mobility could be further
increased to 5000 cm’/ V-sec at V, = —100 V by the addition of liquid nitrogen cooled
shrouds to the growth chamber to reduce the background oxygen partial pressure. This
represents one of the highest mobilities yet reported for semi-insulating GaAs.

Conducting p-type GaAs films were obtained by coevaporating Mn with a GaAs
source in the effusion oven. Measurements of p vs. T could be fitted in the high
temperature range with a single acceptor having an activation energy of 110 meV, in
agreement with published values for Mn.?*® Films with, for example, room temperature
hole concentrations of p = 1.3 X 10" and 2.5 X 10'® cm™ had corresponding mobilities of
240 and 95 cm?/ V-sec, respectively. These values agree very well with results for both
LPE®” and MBE®® films doped to similar concentrations.

Doping of sputter-deposited GaAs films from both the gas phase and the solid phase
will be discussed in more detail in Section V.D.

c. Nitrides

Some work has been carried out on the reactive sputter deposition of wide bandgap
I11-V nitrides from pure metal targets. System purity is extremely important because of
the higher stricking probability of 0, than N, on group I1I elements. Small partial
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FIGURE 27. The room temperature electron mobility and the oxygen
concentration in rf sputter-deposited single crystal GaAs films grown on
(100) GaAs substrates as a function of substrate bias. (From Barnett, S. A_,
Bajor, G., and Greene, J. E., Appl. Phys. Letr., 37, 734, 1980. With
permission.)

pressures of oxygen result in the formation of oxynitride films as reported by Rutz et
al.’® and Natarajan et al.'”

i. AIN

The deposition of amorphous or polycrystalline AIN layers by the reactive sputtering
of Alin N; has been reported by several investigators.’” "> However, either no or very
little structural or chemical characterization was carried out in these studies.

Noreika et al.?”® grew polycrystalline AIN at 900°C on Ta-coated silica and single
crystal Si substrates. The system base pressure was <107 Torr (1077 Pa) and sputtering
was carried out in a static sealed module containing 80 mTorr (10.6 Pa) of Ar and 5
mTorr (0.67 Pa) of nitrogen. A controlled N, leak was used to replace nitrogen consumed
during deposition and maintain a constant total pressure. Deposited films exhibited
dielectric properties superior to bulk polycrystalline materials at temperatures up to
400°C and good high temperature stability was observed. Shuskus et al.””* reported the
growth of single crystal AIN layers on (0001) and (0112) oriented sapphire at 1200°C by
rf sputtering in ammonia. The system base pressure was 107 Torr (107 Pa), the
sputtering pressure was 20 mTorr (2.7 Pa), and the film deposition rate was ~0.5 um/hr.
The observed epitaxial relationships were (000D)an || (0172) p0,with [01T1]am ||
[0111] The films were piezoelectric and exhibited coupling coefficients as high as
0.2%.

AlzOy*

ii. GaN
Semi-insulating polycrystalline GaN films have been grown by rf-reactive sputtering
from Ga targets in Np."*"7"*"
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jiil. InN

Hovel and Cuomo'' used reactive sputtering to grow polycrystalline InN films
exhibiting preferred orientation on single crystal sapphire and Si substrates. The system
base pressure wasinthe 107-Torr (107 Pa) range before backfilling with gettered N; to 20
mTorr (2.7 Pa). InN films grown at T; as high as 600° C were n type with Hall mobilities of
250 + 50 cm?®/ V-sec and carrier concentrations of 5 X 10'® to 8 X 10'* cm™.

The high temperatures at which the InN films were grown are somewhat surprising in
view of the fact that InN has a very low heat of formation, 0.2 eV, and the
equilibrium N, vapor pressure at 600°C is ~15.2 X 10° Torr (2 X 10° Pa). In addition,
annealing studies have shown that reactively evaporated InN films decomposed in N, at
500°C. The films were, however, stable in atomic N. Thus, the ability to grow InN under
such seemingly unfavorable thermodynamic conditions must result from a high
concentration of atomic N in the discharge. Natarajan etal.'* and Eltoukhy et al.'** have
used optical absorption and emission spectroscopies as well as X-ray photoelectron
spectroscopy to study the mechanisms of atomic N production in the discharge during
reactive sputtering of In in pure N; and N; + Ar mixtures. The nitrogen concentration in
the deposited films was found to depend on the position of the growth interface with
respect to the negative glow region where most of the atomic N was formed through the
reaction

t

N1.+N3"‘N3+N‘+N

d. Phosphides
i. GaP

Polycrystalline GaP films have been deposited at elevated temperatures on glass
substrates.”’**"” Sosniak?’® used both dc and rf diode sputtering to obtain p-type films
with resistivities between 10 and 10* Q-cm from a p-type GaP target. Starosta et al.?’
observed average grain sizes of ~0.1 um for films grown. from a sintered target by rf
sputtering in Ar at T, = 540°C. They reported no Hall response at room temperature.

2. [I-VI Compounds

The majority of the published work on the use of sputter deposition to grow I1-VI
semiconducting films has been for direct applications as photoconducting devices (CdS,
CdSe, CdTe, HgS, ZnS, and Zn;-,Cd,S), infrared detectors (Hg-.Cd,Te), or surface
acoustic wave filters (ZnO). Single crystals generally were not required, but rather
polycrystalline films with preferred orientation (c-axis orthogonal to the plane of the film
for wurtzite structure materials) and only moderate purity. Thus research on the crystal
growth of 11-VI compounds has been rather limited. Nevertheless, the growth of good
quality CdS and ZnO single crystals has been reported.

a. Oxides
i. Zn0O

Sputter-deposited ZnO films have been widely investigated for use in surface acoustic
wave (SAW) devices. Electromechanical coupling coefficients and propagation losses
closely approaching theoretical limits, for the device geometry tested, have been
obtained.”’*”**’ Mitsuyu et al.”® have recently reported the fabrication of a SAW filter
from an epitaxial Li-doped (0001) AnO|| (0001) sapphire structure with a center
frequency of 1.05 GHz.

ZnO crystallizes in the hexagonal wurtzite structure and films grown on amorphous
substrates are typically polycrystalline exhibiting a small-grain columnar structure
whose caxis is normal to the substrate surface. A variety of sputter deposition techniques
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have been investigated for the growth of ZnOQ. These include dc diode reactive
sputtering,”** nonreactive and reactive dc sputtering from a post cathode,****" dc
triode reactive sputtering using a magnetically confined plasma,™®® rf diode reactive
sputtering,”’®7%2#289:23%0 f reactive sputtering from a hemispherical target,”***' and
dc”?* and rf?**28%%¢ reactive magnetron sputtering.

Of the large body of literature available on sputter-deposited ZnO, relatively little
work has been reported on the detailed effects of growth parameters on microstructure
and electrical properties of as-deposited films. Foster™® observed a loss in c-axis
preferred orientation when sputter depositing on evaporated metal films in the presence
of substantial hydrocarbon vapor contamination. This effect was further exacerbated by
the application of a substrate bias and was probably associated with discharge
polymerization of the hydrocarbons. Rozgonyi and Polito®®’ reported the growth of
epitaxial ZnO on (0001) CdS and Al,O; substrates using reactive dc sputtering from a
post cathode. The system base pressure was 10 Torr (10™ Pa) and the sputtering
pressure was 70 mTorr (9.3 Pa). Epitaxy was obtained for T, = 300°C and R < 0.05
pm/hr. Film resistivity varied between 0.1 and 70 Q)-cm for Ar to O, partial pressure
ratios >5 and between 10° and 10° -cm for ratios < !. Hall mobilities were always <3
cm?/ V-sec.

Paradis and Shuskus®' obtained single crystal ZnO films on both (0001) and (1102)
oriented sapphire substrates using magnetically confined rf sputtering from a ZnO target
in a mixed 80% Ar+ 20% O- discharge. The system base pressure was 2 X 10™ Torr (2.67
X 107" Pa) and the sputtering pressure was varied from [0 to 100 mTorr (1.3to 13.3 Pa).
Figure 28 summarizes the crystal growth results as a function of R and T, at P= 10 mTorr
(1.3 Pa) for both substrate orientations. The actual number of data points was few,
however the general shape of the curves was as expected (see Figure 23 and
corresponding discussion). From this work, it appears that epitaxial growth proceeds
more easily on (1702) than on (0001) oriented sapphire substrates.

The results of Mitsuyu et al.”** were similar to those of Paradis and Shuskus except
that the curves were shifted to somewhat lower R and higher T, values. Mitsuyuetal. also
used rf diode sputtering but with considerably reduced longitudinal magnetic
confinement and they had a lower base pressure. The films grown by Paradis and Shuskus
exhibited relatively high resistivities, > 10° ) -cm, while Mitsuyu et al. could only obtain
such high resistivity by sputtering froma Li-doped target and post annealing the films in
air for 30 min at 600° C. As-deposited films grown by Mitsuyu from undoped targets were
n type and exhibited room temperature carrier concentrations and mobilities of | X 10'*
cm'and 2.6 cm*/ V-sec on (0001) oriented sapphire and 3 X 10'* ¢cm® and 28 cm®/ V-sec on
(01T2) sapphire.

Growthratesof upto2um/hrat 210°C< T.< 260° C have been reported recently for
epitaxial ZnO films deposited by reactive rf planar magnetron sputtering on (1120)
sapphire substrates.”” However, the films exhibited large optical waveguide losses.

b. Selenides
i. CdSe

Polycrystalline CdSe films have been grown on glass substrates by the reactive dc
sputtering of CdSe targets in Ar + 109 H.Se”* and of Cd targets in selenium vapor.”®® In
the latter work, Se was evaporated and mixed with a carrier gas, either H: or Ar, in the
sputtering chamber. The photoconducting properties of the as-grown films were
markedly better when Ar was used as the carrier gas. Films grown in H, exhibited an
increase in light to dark current ratios from 107 to 107 after annealing in Ar for | hr at
~450°C. Lehman and Widmer® reported the epitaxial growth of CdSe on (0001)
sapphire at 550°C by rf sputtering in Arat 10 mTorr (1.3 Pa). The system base pressure
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FIGURE 28. A phase map of the crystallinity of ZnO films
reactively sputter deposited onto (0001) and (1102) sapphire
substrates as a function of growth rate and temperature. (From
Paradis, E. L. and Shuskus, A. J., Thin Solid Films, 38, 131,
1976. With permission.)

was 10 Torr (107 Pa). As-deposited films had a dark resistivity in excess of 10" Q-cm
and a dark to light resistivity ratio of ~10’ under a 0.1-W/cm® tungsten lamp
illumination.

c¢. Sulphides
i. CdS

The earliest publications on sputtered 11-VI semiconducting films report the growth of
polycrystalline CdS by reactive sputtering in mixtures of Ar and H,$”*7% and by
thermionically and magnetically supported dc sputtering in pure Ar.”*® The films were
generally photoconductive and Helwig and Konig®® reported light to dark resistance
ratios of 10° to 10°. Lakshamanan and Mitchelt*® measured dark resistivities of 10® to 10
Q-cmin0.5-pm-thick films and observed an increase in both the dark resistance and the
photoresistance as the partial pressure of H.S was increased during growth.
Photoresistance decreased with In-doping of the CdS target.

Lichtensteiger et al.”®' were able to grow p-type CdS using rf diode sputtering in 10 to
30 mTorr (1.3 to 4 Pa) of Ar mixed with small partial pressures of PH,. This was an
interesting result since CdS is a nonstoichiometric n-type compound in which type
conversion is difficult. Epitaxial films were obtained on (0001) oriented single crystal
CdS substrates at approximately 170° C using deposition rates between 0.06 and 0.1
pm/hr. Measured carrier concentrations ranged from 1.1 X 10" to 4.8 X 10"* cm™ with
corresponding Hall mobilities of 6 to 15 cm?/ V-sec. Rectifying junctions were obtained
by depositing p-type CdS films on n-type CdS substrates. Film thicknesses ofupto 10 um
were obtained with surface areas as large as 10 cm’.

More recent work on the reactive sputtering of CdS in a mixed Ar+ H:S atmosphere
has been reported using both CdS'***°*** and Cd*™ targets. Fraser and Melchoir'* used
bothdc and rf diode sputtering in a system with a base pressure of 5 X 107 Torr (6.7 X 107
Pa) to deposit CdS films on glass slides covered with conducting transparent oxide
electrodes. At T, 2 200°C, the growth rate was ~ 1 um/hr. The film stoichiometry was
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controlled by the H. S partial pressure which was generally maintained at 2 to 6% of the
total pressure, 50 mTorr (6.7 Pa). Using sputtering gas mixtures with up to 50% H.S, it
was possible to obtain films with excess S. The deposition rate decreased with increasing
growth temperatures, indicating that film growth was not thermally activated. The films
exhibited some basal planes preferred orientation and were photoconducting. Dark
resistivities of 10’ )-cm were obtained with decreases of 10° upon illumination with 0.5
W/cm® “white light”. Takeuchi et al.’®® have observed photovoltaic effects in
Sn0,/CdS/Insandwich structures in which the polycrystalline CdS layer was deposited
by rf sputtering in pure Ar. Clarke and Greene®*® measured photoconductive gains of
=>10* at 10° V/cm in 46-um-thick CdS films grown on SnO; substrates by the reactive
sputtering of Cd in a pure H;S discharge at 20 mTorr.

ii. HgS

Nakada’®’ and Nakada and Kunioka’** % found that thin, <2004 thick, films of HgS
grown on NaCl at 250°C by rf diode sputter deposition in Ar were primarily cubic and,
thus, semimetallic. Thicker films began to exhibit the desired hexagonal or semi-
conducting modification. Doping the pressed powder target with K, Ce, or Rbappeared
to stabilize the growth of hexagonal a-HgS. Strong (0001) preferred orientation was
obtained for K-doped o-HgS films grown on cleaved (111) CaF, in an rf Hg discharge.

iti. ZnS

Bunton and Day** used rf diode sputtering in Ar to deposit polycrystalline cubic
B-ZnS with preferred orientation on air-cleaved NaCl. No substrate heater was used and
the actual growth temperature due to plasma heating was not reported. Single crystal
B-ZnS films have been obtained on (100) GaAs substrates by rf sputtering of ZnS in Ar’'
and on (100) NaCl and (100) GaAs by reactive rf sputtering of Zn in Ar + H,S
mixtures.’'' In both cases T, ranged between ~200 and 300°C. Shonbrodt and
Reichelt’'' observed mixed cubic and hexagonal phases at T, < 200°C. No data were
given concerning the electrical properties of the films. Durand et al.’'? reported some
preliminary luminescence data for Cu and Cl-doped ZnS films grown by reactive
sputtering from Zn targets in Ar + H,S.

iv. Zny .y CdyS

Polycrystalline Zn; . xCd«S films have been deposited by reactive cosputtering from
targets composed of half discs of Cd and Zn in mixed Ar + H;S discharges.”’**'* The
films were generally in the zinc blende cubic structure for small values of x, in the wurtzite
hexagonal structure for large x, and of mixed phase in-between. Fraser®'* used reactive
sputtering from hot pressed (Zn, Cd)S targets to deposit films with dark resistivities
greater than 10'? (-cm and photoconductive gains from 0.1 to 1. The peak in the
photoconductive response shifted from 488 to 400 nm with increasing ZnS concentration.

d. Tellurides
i. CdTe

Polycrystalline CdTe films which were a mixture of sphalerite cubic and wurtzite
hexagonal phases®'® or cubic with a (111) preferred orientation®"’ were obtained by rf
diode sputtering in Ar. Pawlewkz et al.’'® was able to controllably deposit either pure
cubic or pure hexagonal polycrystalline structures by growing the films in excess Te or
excess Cd vapor, respectively, in an Ar rf discharge. The target was a hot pressed CdTe
disc, the system base pressure was 107 Torr (10 Pa), and a typical deposition rate was 12
um/hr (P4, and Vr were not specified). The films were highly columnar with surface
feature sizes of ~ | pm on both Mo and quartz substrates at T, = 350° C. Both structural
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modifications exhibited high resistivities, 10° to 10° 0-cm, with no detectable Hall
voltage.

ii. Hgy_ yCdxTe

Zozime et a and Cohen-Solal et al.>*' have grown polycrystalline Hg; . xCdxTe
films in the cubic modification on NaCl, mica, (111) Si, and (111) CdTe substrates using
triode sputtering in a Hg discharge. Solid (CD,Hg)Te targets were used and the film
compositionrange x = 0.2to 0.8 was investigated. Films grown at substrate temperatures
between 200 and 260° C exhibited preferred orientation. Photodiode IR detectors were
prepared by cosputtering Au-doped Cdo.;s Hgo.ss Te on n-type CdTe.

Recently, Cornely et al.’** have used similar techniques to grow polycrystalline cubic
Hgo.7s Cdo.»s Te films with a strong (111) preferred orientation on (111) Si. The targets
were cold-pressed powder discs and the system-had a base pressure of 10~ Torr (107
Pa). The operating conditions were Py; =~ 1 mTorr (0.13 Pa), V1 =—-2300 V,Ts = 250°C,
and R = 1.5 um/hr. As-deposited films were n type with a room temperature carrier
concentration of ~1 X 10'® cm™ and a corresponding mobility of 300 cm?/ V-sec. After
annealing in an evacuated quartz ampoule at 340° C with a Hg overpressure of 560 Torr
(7.4 X 10* Pa) for 14 hr, p(300 K) = 3 X 10" cm™ and p. (300 K) = 3000 cm?/ V-sec.

1 319,320

3. IV-VI Compounds
a. Tellurides
i. PbTe and (Pb, Sn)Te

PbTeand Pb,_«SnxTe films have been grown by Corsi and Corsietal.”” using rf
diode sputtering. The alloy films were deposited from two targets, (Pb, Sn)Te and Te, in
order to vary the metal to Te ratio. The Ar sputtering pressure was between 0.5 and 5
mTorr (0.067 and 0.67 Pa). Observed epitaxial temperatures ranged from 250 to 350°
on(l11)Geand 175to 250° C on air-cleaved NaCl for deposition rates between 0.2 and |
um/hr. At 77 K, PbggsSno.is Te films exhibited electron mobilities >10* cm?/ V-sec and
carrier concentrations of approximately 10'" cm™. Either n- or p-type films could be
obtained by controlling the metal to Te ratio. Good infrared response was observed.

Krikorian et al.’*® also investigated the sputter growth of Pb;_xSn,Te. In their work
they used a thermionically and magnetically supported dc sputtering system with a base
pressure of 107 Torr (10~ Pa). Film growth was carried out in purified Ar using cast
Pbi - xSnxTe targets. They found that the film microstructure, x value (fraction of Sn on
group-1V sites), carrier type, and carrier concentration were determined in a complex
manner by the target x value, R, T;, and V,. As usual, higher structural transition
temperatures were observed at larger values of R. For growth temperatures greater than
about 360°C, the films were generally polycrystalline and far from stoichiometric due to
decomposition. Within the epitaxial range, the film x value could be varied both above
and below that of the target by systematic variations in R and T,. Similarly, the carrier
type and concentration were related to R and T, with the p-to-n transition boundary
given approximately by a hyperbola defined by a critical RT; product.

323,324 1 325

4. Other Semiconducting Compounds
a. Bi;Te;3

Francombe’” investigated the growth of bismuth telluride by dc diode sputtering from
a Bi»Te; target. The system base pressure was 5 X 107 Torr (6.7 X 107 Pa) and sputtering
was carried out in Ar at a pressure of 80 mTorr (10.7 Pa) with an applied target voltage of
— 1.5 kV. The deposition rate was ~4.8 um/hr. Epitaxial films were obtained on (100)
and (111) NaClsubstrates at 400° C. However, at T, > 250° C the films were progressively
more Te deficient until at 420°C the film composition was BiTe. Films grown at T,
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between 250 and 420° C exhibited metastable 8-phase structures which are isostructural
with Bi, Te’.

b. CuzS

The growth of orthorhombic structure chalcocite is currently of interest for
application in Cu,S/CdS heterojunction solar cells where Cu, S is usually p type due to
Cu vacancies. Cu; S, or more typically Cu, S (x < 2), layers are generally produced from
CdS by a substitution reaction with CuCl in aqueous solution.’?® Recently, however,
several groups have investigated the growth of Cu,S by sputtering, The Cu-S system is
complex with the formation of several compounds including CuS (covellite), Cu,3S
(digenite), Cuy96S (djurleite), and Cu;S. Chalcocite is also polymorphic exhibiting a
phase transformation to hexagonal above T, = 104° c®

While there is insufficient published work as yet to sort out the detailed growth
mechanisms in such a complex system, both Armantrout et al.**® and Radleret al.**' have
demonstrated that the Cu-to-S ratio in reactively sputter-deposited films depends
strongly on both T, and V.. Armantrout et al.’*® used rf diode sputtering of pure Cu
targets in Ar + H,S mixtures to grow orthorhombic chalcocite on glass and CdS
substrates. They found that the critical partial pressure of H,S, Pﬁ‘zs,decreased with the
use of a positive applied substrate bias and with increasing T,. It appears that the
dominant effect of the positive substrate bias was to minimize preferential sputtering of
sulfur from the growing film. The increase in the sulfur sticking probability with T; (i.e.,
the decrease in Pﬁ‘zs) indicates a surface reaction rate limited growth mechanism.

Radleret al.”’' deposited multiphase films by rf diode sputtering from a Cu, 45 S target
sputtered in either Ar + H,S or Ar + H, mixtures. Samples grown at a total pressure of
20 mTorr (2.7 Pa) with 29 H,S always exhibited x values less than 2, but the Cu
concentration increased with increasing T, and negative substrate bias. Thus, under
strongly sulfur-rich growth conditions, T; and V, act to decrease the sulfurincorporation
probability. As expected, the Cu-to-S ratio was >2 in films deposited from Cu;.ssS
targets in reducing Ar + H, atmospheres. Films grown in 49 H, were two-phase
mixtures consisting of a chalcocite matrix with Cu nodules.

A cylindrical post magnetron source was used by Jonath et al.””* to deposit Cu, S films
from a Cu target in mixed Ar + H,S discharges. As was the case in the work of
Armantrout et al., they found that good control of Py,s was critical. Over a narrow range
in Py,s at T, values of both 35°C (less than T;) and 130° C (above T;), they obtained films
which were primarily orthorhombic chalcocite with some djurleite. Increasing Py,s at
either value of T, lead to the formation of essentially pure djurleite. The low resistivity,
primarily chalcocite, films had room temperature hold carrier concentrations ranging
from 8 X 10" cm™ to 2 X 10*® cm™ with a Hall mobility of ~4 cm?/ V-sec.

i 332

¢. Chalcopyrites
i. CulnS,

Hwang et al.”®*** have reported the growth of polycrystalline chalcopyrite structure
CulnS; films on glass slides by rf diode sputtering in Ar from pressed powder CulnS,
targets. The system base pressure was 10”7 Torr (10~ Pa) with deposition carried out at
Ar pressures between 20and 40 mTorr (2.7 and 5.3 Pa) and target biases between—2 and
—~3 kV. R was approximately 0.1 um/hr. The films were p type with resistivities of the
orderof 0.1to | }-cm and exhibited a strong (112) preferred orientation. The addition of
excess sulfur resulted in the emergence of an additional strong diffraction peak
corresponding to a (220) reflection.
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ii. CulnSe,

Polycrystalline CulnSe; layers with grain sizes up to | um have been grown by rf
sputtering from pressed powder targets.”*® The films exhibited resistivities between 0.3
and 2 )-cm with electron mobilities up to 6 cm?/ V-sec. CdS/CulnSe; thin film solar cells
in which the CdS layers were deposited by evaporation had efficiencies of 5%.

iii. ZnGeAs;

ZnGeAs, is a direct bandgap, E, (300 K) = 1.13 eV,”****7 chalcopyrite structure
semiconductor which is of potential interest for solar cell applications. Shah and
Greene® have recently reported the growth of the first single crystal ZnGeAs, films, by
any technique, using rf diode sputtering. The system base pressure was 10 Torr (10™ Pa)
and sputtering was carried out in Ar at Po, = 20 mTorr (2.7 Pa). The target was a large
grained polycrystalline ZnGeAs, wafer to which excess Zn had been added. Excess As
was supplied to the growing film from an effusion cell similar to that used by Barnett et
al.'® for the sputter growth of GaAs. The substrates were (100) GaAs wafers and the
epitaxial relationship was (0001) ZnGeAs; || (100) GaAs. The films were ~ | um thick, p
type, with room temperature carrier concentrations and mobilities of the order of 10"
cm™ and 10 cm?/ V-sec, respectively.

C. Metastable Semiconductors

One of the most exciting new areas in thin film physics is the growth of single crystal
metastable alloys. Such materials have unique properties and are unattainable by crystal
growth techniques operating under more nearly equilibrium conditions. Other highly
nonequilibrium techniques, such as splat cooling,™** have been used to deposit metastable
alloys, generally in metallic systems, but the crystalline perfection of such materials is
quite poor. lon implantation®® and laser annealing**° have been used to form extended
solid solutions, but with the exception of work by Greene et al.”*' on the regrowth of
(GaAs) - xGex by scanned CW laser annealing, solute solubilities are still quite limited.
However, recent results using substrate-biased multitarget sputtering have demonstrated
that alloys exhibiting both compositional and structural metastability can be grown as
single crystals over very wide and sometimes complete concentration ranges. These
materials have been found to exhibit good thermal stability.

Limitations on the growth of metastable materials are both energetic and kinetic in
nature. Namely, the excess enthalpy in a metastable solid material must not exceed the
enthalpy of melting, and the atomic mobility must be sufficiently low to prevent the
nucleation and growth of a more stable phase. The upper limit on the allowable excess
energy of a metastable phase is not a severe restriction since the enthalpy of melting is
generally much larger than the energy differences between metastable and stable phases.
Infact, it is because the energy differences between metastable phases are small that such
materials can be grown. Low energy ion bombardment of the film during deposition
provides the necessary control over elemental incorporation probabilities and adatom
surface mobilities.

L (V) - <(IV)x Alloys
a. (GaAs)i - xSix, (GaAs)i- <Geyx, and (GaSh); - «Gex

(1I1-V); - x(1V)x alloys represent a subclass of crystalline metastable alloys which are
compositionally but not structurally metastable in the sense that, unlike the InSb-InBi
system discussed below in Section V.C.2, both constituents have the same space lattice.
That is, 11I-V compounds crystallize in the zinc blende structure while Ge and Si are
diamond structure.
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Noreika and Francombe’* first reported the growth of single crystal metastable
semiconducting alloys using reactive sputtering in mixed Ar+ SiH, discharges to deposit.
(GaAs)i-«xSix from GaAs targets. The Ar pressure was maintained at 2 mTorr (0.27 Pa)
while the SiH, partial pressure was adjusted between 0 and 1 mTorr (0.13 Pa) to obtain Si
compositions ranging from 0 to 55 mol %, whereas the maximum equilibrium solubility
of Siin GaAs is only ~0.5%. Epitaxy was achieved on (111) oriented GaAs substrates
over the temperature range from 530 to 600°C. X-ray diffraction measurements showed
that the alloys obeyed Vegard’s law. Films containing more than 50% Si could be
postannealed at temperatures up to 850°C before decomposing to GaAs and Si two-
phase alloys.

Barnett et al.**’ have recently grownsingle crystal (GaAs); - x Gex alloys on (100) GaAs
by multitarget sputtering, but by far the most detailed studies yet carried out on
(I1I-V)1-x IV were those of Cadien et al.'®?%* who investigated the growth and physical
properties of (GaSb); - xGex alloys on (100) GaAs and Corning® 7059 glass substrates.
The films were grown in a liquid nitrogen trapped turbomolecular-pumped MTS'® system
with a base pressure of ~10” Torr (10~ Pa). Sputtering was carried out in gettered Ar
with Pa, typically 15 mTorr (2 Pa). Two water-cooled targets, Gao;Sbes and Ge, each
with a purity of >99.999%, were used. The two-phase nonstoichiometric antimonide
target provided excess Sb during film growth at T, > 400° C."'*® For growth at T, < 400°C,
a stoichiometric GaSb target was used. Vr values ranged from —350 to — 1200 V which,
with a substrate rotation rate of 12 rpm, provided a deposition per target pass of from 0.1
to 0.9 monolayers.

The GaSb-Ge equilibrium phase diagram was determined by Shah et a to be a
single eutectic with an invariant temperature of 648°C. The maximum solid solubilities
of Ge in GaSb and GaSb in Ge occurred at this temperature and were 2 and 6.5 mol %,
respectively. Nevertheless, single-phase metastable (GaSb)) - xGex films with0 < x < 1
were grown at T, > 400°C and less than the transition temperature. The films were
epitaxial on GaAs substrates and exhibited strong (220) preferred orientation on
Corning® 7059 glass substrates. In both cases, measured lattice constants were found to
obey Vegard's law.

Figure 29 shows a typical series of X-ray diffractometer (XRD) spectra taken from
(GaSb)o.s7 Geoss films grown on (100) GaAs substrates at progressively higher substrate
temperatures. Only (200) and (400) alloy diffraction peaks were observed for films grown
at T, = 470°C, and the peak widths were limited by instrumental broadening indicating
good quality single crystals. The diffraction pattern in Figure 29 shows evidence for
precipitation of Ge and GaSb phases in films grown at 506°C. The matrix alloy,
represented by the central peak, has become more Ge-rich with a composition of
(GaSb)o.;: Geoss - Asthe growth temperature was increased above 507° C, more and more
precipitation was observed with the central alloy peak continuing to diminish in intensity
and becoming even more Ge-rich. The side peaks, corresponding to supersaturated GaSb
in Ge and Ge in GaSb phases, also moved towards the expected positions for the
equilibrium phases as T, was increased. At T, = 540°C, Figure 29, the side peaks
dominate but a central alloy peak is still contributing. Similar results were obtained for
polycrystalline films except that at sufficiently high growth temperatures, the very strong
(220) preferred orientation was lost as (111) alloy peaks appeared.

The maximum growth temperatures T,(max) at which single-phase epitaxial alloys
could be obtained depended strongly, for a given alloy composition, on the degree of ion
bombardment of the growing film during deposition. Even with no applied negative
substrate bias V,, the induced negative potential V; on the growing film with respect to the
positive space-charge region in the discharge was —75 V at Ps, = 15 mTorr (2 Pa).
Experiments were carried out in which the net negative bias on the growing film, Vi+ V,,

l 345
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FIGURE 29. X-ray diffraction specta from (GsSbe.17Geo.ss
alloy films grown on (100) GaAs at the temperatures indicated.
The peak in (a) and the central peak in (b) are the (400) alloy
reflections. The expected positions of the (400) GaSb and Ge
reflections are labeled. (From Cadien, K. C., Eltoukhy, A. H..and
Greene, J. E., Appl. Phys. Letr., 38,773, 1981. With permission.)

was increased by either decreasing P4, and, hence, increasing V; or by increasing V,
directly. In both cases T,(max) was found to increase substantially.

A summary of crystal growth results is given in Figure 30 for films grown at P, = 15
mTorr (2 Pa) on both (100) GaAs and Corning® 7059 glass substrates. Figure 30 is a
phase map plotted as a function of film growth temperature and average film
composition. A three-phase region separates the single-phase metastable alloy and
two-phase equilibrium fields on the phase map. The transformation from the single-
phase metastable state to the equilibrium state is a continuous one. However, the narrow
width of the three-phase region, ~25°C, was consistent with the large activation energies,
E. = 3.1 eV for (GaSb)o.;s Geoss, for the phase transformation as determined from
annealing results. Figure 30 also shows that the minimum in the transition temperature,
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i.e., the lowest T,(max), occurs for alloys with x = 0.5. This is what would be predicted
from the thermodynamics of regular solutions.

The transformation path for metastable (GaSb), - xGey alloys upon high temperature
annealing proceeded through a continuous series of GaSb-rich and Ge-rich metastable
phases rather than a definite intermediate state such as the one observed in
InSby . xBix.'****¢ This was indicated by the continuous shift in the angular positions of
the diffracted (220) X-ray peaks during film annealing. The distinct difference in the
transformation paths observed in matastable (GaSb)) - xGex and InSb, - x Bix alloys was
due to the structural constrains in the latter system.

Under the assumption that metastable (GaSb), - xGe, alloys are regular, the interation
parameter and the Gibbs free energy difference AG between the metastable and
equilibrium states for alloys with x = 0.5 were calculated to be 144 and 18 meV/atom,
respectively, at 300 K. The calculated value of the enthalpy for this transition in
(GaSb)o.36Geoss at 606°C was 33 MeV/atom which agrees very well with the
experimental value obtained by differential scanning calorimetry, 27 meV/atom. Thus,
the thermodynamic driving force for the metastable-to-equilibrium phase transition is
relatively small while the kinetic barrier, ~3 eV, is quite large due to low self-diffusion
coefficients in these alloys. This explains why the metastable phase, once formed, is stable
at quite high annealing temperatures. In fact, the lifetime of these alloys at room
temperature was calculated to be ~10% years.
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Hall measurements carried out on single crystal (GaSb) - xGex fills show that all
samples were p type. Room temperature carrier concentrations ranged from 10" cm” for
1.5 um thick GaSb films on GaAs to 10" cm™ for (GaSb)o.s Geo.s alloys to 10'® cm™ for
Ge on GaAs. For these same samples, room temperature hole mobilities ranged from 115
to 10 to 720 cm®/ V-sec. Lattice dynamics have been investigated recently using Raman
spectroscopy.**’

2. III-V Metastable Alloys
a. InSb;_ 1 Bix

Zilko and Greene'****® have carried out detailed studies on the growth mechanisms
and the thermal stability of extended solubility InSb - x Bix alloys grown on (110) GaAs
substrates. InSby _ xBix is a member of a subclass of metastable alloys which exhibit
structural as well as compositional metastability. Tetragonal InBi is a semimetal whose
equilibrium solid solubility in zinc blende structure InSb is 2.6 mol%. Metastable In(Sb,
Bi) alloys were grown in the same MTS system described above, but with an rf-powered
InSb target and a dc-powered Bi target. Low energy ion bombardment of the growing
film was used to modify elemental Si and Bi incorporation probabilities, s, and osi,
through preferential resputtering in order to maintain overall stoichiometry. The ion
bombardment also allowed sufficient adatom mobility to grow single crystals at elevated
temperatures.

The effects of the Bi to Sb impingement flux ratio Jgi/Jss, Ts, and Pa, on the
composition and structure of the as-deposited films as well as their metastable solid
solubility were investigated. Holding all growth variables except one constant in a given
set of experiments, the ratio osi/oss Was found to decrease with increasing Jai/Jsy,
increasing T,, and decreasing P.,. However, the metastable solid solubility limit
increased with decreasing Pa,. Single-phase metastable films were n-type semiconductors
with 100-K carrier concentrations increasing from 1.8 X 107 t0 4.5 X 10'” cm™ as the mole
percent of InBi was increased from 3 to 12. Electron mobilities at this temperature ranged
from a few hundred to about 1000 cm?/ V-sec. The optical gap decreased with increasing
InBi concentrations indicating a semiconductor-semimetal transition at ~ 11 mol% InBi
at 20 K.

Isothermal annealing studies were carried out in order to investigate the thermal
stability of InSb; - «Bix films as well as to establish a pseudobinary metastable phase
diagram. The films were found to be metastable in two directions on the equilibrium
In-Sb-Bi ternary phase diagram: the solid solubility of tetragonal InBi in zinc blende
structure InSb was increased by more than a factor of 4 and the width of the InSb/InBi
pseudobinary phase field was increased from ~0.001 to <<0.5%. The transition from the
single phase InSb;_«Bix metastable state M1 to the equilibrium state In(Sb, Bi)+ InBi+
Bi occurred through the intermediate metastable state M2, In(Sb, Bi) + Bi.

The metastable phase diagram was established for (110) oriented films in which it was
found that the transition temperature from the M1 state to the M2 state ranged from 150
to 300°C, depending on film composition, above the equilibrium eutectic temperature
and was only about 125°C less than the liquidus temperature. That is, the films exhibited
no tendency to decompose during annealing runs lasting up to 125 hr for temperatures
from 400 to 250°C for x ranging from 0.026 to 0.12.

D. Controlled Doping during Crystal Growth

Very little work has been reported on the controlled doping of sputter-deposited
semiconductors although sputter deposition might be expected to offer advantages over
other vapor phase growth techniques through the controlled use of energetic ion-surface
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FIGURE 31. The sulfur concentration ( ) and incorpo-
ration rate (— — —) in sputter-deposited single crystal GaAs
films as a function of the applied substrate bias. (From Greene,
J. E., Barnett, S. A., Cadien, K. C., and Ray, M. A., J. Cryst.
Growth, 56, 389, 1982. With permission.)

interactions. In Section V.B.1.b.ii, it was pointed out that Barnett et al.'""” has used low
energy ion bombardment of growing GaAs films to alter the incorporation probability of
background oxygen in the films. More recently, Greene et al.'*? have carried out similar
studies on the effect of ion bombardment on the incorporation probabilities of dopants
added from both gas phase (H.S) and solid phase (Sn) sources.

1. Doping from a Gas Phase Source

Sulfur doping experiments were carried out by adding partial pressures between
I X 107 and 1 X 107 Torr (1.3 X 10 and 1.3 X 107° Pa) of H,S to the Ar sputtering
discharge during the growth of GaAs. The deposition system was the same as described
previously in Section V.B.1.b.ii. An undoped single crystal GaAs wafer with n=8x 10'®
cm™ was used as the target and sputtering was done at a total pressure of 30 mTorr
(4 Pa) with Vr = —1000 V. The substrates were (100) GaAs wafers maintained
at 600° C. Excess As was supplied to the growing film from an As-charged effusion cell
held at T. = 263°C. Systematic variations in the growth parameters were made
periodically during deposition. The multilayer films were then depth profiled using
SIMS to determine the S concentration associated with each growth condition. The
resulting S concentrations ranged from 7 X 10'® to 1.2 X 10*' cm™ depending upon Py,s
and V,. For a given value of V,, the incorporated sulfur concentration (S) was found to
depend linearly on Py,s and SIMS depth profiles showed no indication of S surface
scgreg?tsion, although strong Te segregation has been reported in Te-doped MBE grown
GaAs.*

The S incorporation probability was found to depend very strongly on the substrate
bias. Figure 31 shows that for films grown at Vr = —1000 V, Pa, = 30 mTorr (4 Pa),
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T,=570°C, T.=263°C (i.e., Ass/ Ga==5),and Pu,s =1 X 107 Torr, the sulfur concentra-
tion [S] initially decreased with increasing substrate bias, reached a minimum near V, =
—50 V, and increased with further increases in V,. These results agree qualitatively with
those shown in Figure 27 for 0-doping. The minimum in both cases is due to the addition
of two competing effects: preferential sputtering of dopant from the growing film surface,
primarily by reflected Ar neutrals and accelerated Ar” ions, and trapping of accelerated
dopant-containing species. The trapping probability is temperature dependent and
requires chemical bonding of the very shallowly implanted species with the matrix. This
explains why no Ar was detected in the films by either SIMS or electron microprobe
analysis, even though the Ar concentration in the discharge was several orders of
magnitude larger than the total sulfur concentration.

The dominance of sputtering over trapping at low values of V, was due to the
sputtering threshold being on the order of 25 ¢V, while the trapping threshold is ~ 100 eV
for S in GaAs. Under these growth conditions, the thermal sticking probability of S was
¢s = 0.008 while the incorporation probability due to trapping was essentially unity for
V.= 200 V.

2. Doping from a Solid Phase Source

Sn doping'*? was achieved by cosputtering from a GaAs + Sn target where the
steady-state Sn/Ga impingement flux ratio was 0.001. This corresponds to a doping
concentration of [Sn]=2X 10" cm™ if gs» = 1. Asinthe S doping experiments, a series of
layers were grown at different values of V, in one vacuum pumpdown and the multilayer
films analyzed by SIMS. Although ¢s, was essentially unity for the growth temperature
used, T, = 570°C, Figure 32 shows that for V, = 0, the measured Sn concentration in
as-doposited films was only 1.2 X 10" cm™. Some Sn was lost due to sputtering from the
growing film due to the induced potential V; on the substrate with respect to the positive
space charge region in the plasma. In these experiments, V; was ~65 V. Increasing V,,
algebraically additive to V;, resulted in a monotonically decreasing Sn concentration.
The magnitude of this decrease was considerably larger than for the case of S-doping.

The large loss in Sn incorporation by sputtering was due to an enhanced surface Sn
coverage s, caused by surface segregation during film growth. SIMS measurements
showed that 8s, was always much larger than the bulk concentration [Sn], an effect
also observed for Sn doping in MBE-grown GaAs.**’*** However, 6s, was more than two
orders of magnitude less in sputter-grown than in MBE-grown films due to collisional
mixing and recoil implantation induced by the low energy ion bombardment (see
discussion in Reference 350).

VI. CONCLUSIONS

The key feature which distinguishes sputtering from other vapor phase growth
techniques is the bombardment of the substrate and growing film with energetic particles
(host lattice species, dopants, and/or inert gas ions) during deposition. It was
~ demonstrated in Sections [V and V that such energetic particle-surface interactions affect
every phase of film deposition and allow additional control over nucleation and growth
kinetics, elemental incorporation probabilities, and film chemistry.

It is clear from the literature review in Section V that sputter deposition offers
tremendous versatility in the growth and controlled doping of high quality single crystals.
Equally clear, however, is that a great deal more fundamental research in understanding
film growth and dopant incorporation kinetics is still required before sputter deposition
can achieve its potential. In addition, more attention needs to be given to the technology
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of sputter growth, for example, in the design and use of ultra-high vacuum ion beam
systems and in developing cleaner gas handling capabilities.
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