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DEVELOPMENT OF ION IMPLANTATION TECHNIQUES
FOR MICROELECTRONICS

By H.L. Dunlap, R.G. Hunsperger, and 0.J. Marsh

Hughes Research Laboratories
A Divigsion of Hughes Aircraft Company
Malibu, California

I. SUMMARY
A. Silicon Carbide

We have produced SiC p-n junction diodes which oper-
ate very well between room temperature and 400°C. These are
abrupt p-n junctions (when properly annealed) without the
intrinsic layer observed in nearly all previous work.

We have shown that n-type layers can be made in p-S5iC
by implantirg N, P, and Sb under much milder anneal condi-
tions than those regquired for other doping technigques. P and
Sb doping have nct been achieved previously in SiC.

B. Gallium Arsenide

Several lines of evidence have shown that the intrinsic
layer observed in implanted junctions arises from defects asso-
ciated with As vacancies produced during implantation and
annealing. We have demonstrated that the intrinslc region
can be controlled or eliminated by the use of a 5i0  protec-
tive coating during implantation and annealing, andxby im-
planting at room temperature.

We have measured the amount of lattice damage, as a
function of dose, created when Cd is implanted in GaAs and
have established the annealing behavior in the high and low
dose regimes.
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11. INTRODUCTION

We have investigated ion implantation and its deyelaj
ment for use as a doping process in the fabrication of sSwrcun
ductor devices in nigher-bandgap materials. We have found
that the ion implantation process can be used to fabricate
excellent quality p-n junctions in GaAs and Si1C.

In the previous interim contract report (Gctober L1968)
we presented the annealing requirements for Zn- and Cd-
implanted layers in GaAs to obtain satisfactory electrical
conduction. In addition, it was found that the junctions
formed by implanting 2Zn or Ccd into n-type GaAs resulted 1n
p-i-n devices. The i region apparently was caused by the
generation and diffusion of an unidentified defect species
which formed deep trapping levels in the Gaas. We also
reported that n-type conducting layers were formed in siC
after the implantation of Sb and Bi and subsequent anneal-
ing from 1000 to 1500°C. SiC etching techniques were of
considerable importance because it had proved difficult to
obtain good junction characteristics.

During this year we have emphasized the identification
and elimination or control of the i region formation 1in im-
planted GaAs p-n junctions. The defects responsible for the
semi-insulating "i" layer in GaAs appear to be related to
vacancies generated by the escape of arsenic at the surface
during implantation and annealing. The i layer has been
controlled and eliminated by the introduction of process
changes which prevent the dissociation and evaporation of
arsenic. These changes include lowering the implant temper-
ature or providing an SiOx passivating layer before implantation.

Changing the implant temperature from 400°C to 23-C
required an evaluatlon of the electrical behavior (by Hall
effect) of the Zn- and Cd-implanted layers as a function of
annealing condations. Although this work 1s not yet complete,
it is significant that p-type layers are formed after 30 man
anneals at 120°C.

Ion-implanted GaAs diodes have been fabricated which
behave as abrupt p-n junctions with measured breakdown
voltages equal to the theoretically predicted values. Such
diodes have been operated from 23° to 300°C. At 300°C the
junctions were still definitely rectifying.




A study of lattice damage resulting from 60 keV
cat ion implantation of Gaas substrates held at room tempcra-
ture and damage anncaling was begun this year, employing
three techniques for measuring the damage: (1) Rutherford
scattering measuremencs; (2) spectral reflectivity measure-
ments; and (3) scanning elecctron microscope observations.
Ton doses of greater than 1014/cm appear_to form an amorphous
laycer. Anncal of light implants (v4 ¥ 1013/cm2) shows a
significant anncal stage at 250 to 300°C, while hcavier
implants show little anncal up to 500°C.

I+ has been found necessary to 5104 overcoat sulfur
implants performed at 23°C prior to anneal in order to pre-
vent apparent outdiffusion of the sulfur. With this pre-
caution, n-type layers are formed after 800°C annealing.

The potential advantage of ion implantation over
other device fabrication processes is best shown by the
results obtained in the fabrication of SiC p-n junctions.
The hexagonal form of SiC is normally grown at temperatures
of 2500°C or above and the diffusions for forming junctions
are normally carried oat at 2000 to 2500°C. Grown p-n junc-
tions have been formed at 1740°C by the traveling solvent
method and at 1650°C by epitaxial growth from saturated
silicon melts. These growth and diffusion processes typically
require that the high temperature be maintained for hours.

In this report we discuss p-n junctions fabricated
in p-type SiC by implanting nitrogen, phosphorus, or antimony
and subsequently anneali-g at temperatures as low as 1000°C
for 1 to 2 min. Optimum device characteristics have been
obtained with 2 min anneals at 1400 to 1600°C.

The reverse characteristics of these junctions are
of excellent gquality and are somewhat better than those
found in epitaxially grown junctions. The reverse current
in one sample increased smoothly with applied voltage until
an avalanche breakdown was observed at 46 V. Small "blue
spots" are seen to appear at breakdown; they are located
at etch pits which were present in the crystal prior to
implantation. Photomultiplication is cbserved at bias voltages
below breakdown with ultraviolet light incident on the junction
area. The junctions showed excellent device characteristics
at 400°C.

The nitrogen implants were made at room temperature
and subsequently annealed to 1600°C for 2 min, resulting
in n-type doped layers with carrier concentrations per square
centimeter equal to approximately one-half the implanted
dose, and an electron mobility of 30 cml/V-sec. Electron
diffraction studies showed an amorphous layer after implant,
and crystalline structure after 1500°C annealing. Similar
results are found for P and Sb implants.




1II. IMPLANTATION STUDIES IN GALLIUM ARSENIDE

A. Improvements in Processing and Fabraication Techniques
1. Polishing. — A machine has been constructed

for polishing gallium arsenide and is now in operation. The
machine, a modified version of that used by J.M. Wwhelan of
Usc, features combined mechanical and chemical etch polishinc.
The sample wafers are mounted on the face of a 4-in. diram-
cter disk and are initially lapped flat. All abrasive 1is
removed from the samples and holder by cleaning in solvents
before they are placed on the polishing machine. Tre sample
holder disk is then placed face down on the main whecl (12~
in. diameter) of the polishing machine. This main wheel 1s
covered with a polishing cloth which is kept saturated with
a methyl alcohol-bromine etchant by a "dripver." The main
wheel and the sample holder disk are driven to rotate sc
that the etchant is constantly agitated over the sample suz-
face and etched material is swept away. The flatness and
smoothness of the resulting surfaces are far superior to
those obtained with earlier methods. Rutherford scatter.ng
measurements have shown that these polished surfaces are

free of damage.

z. Implanted contacts. - tJe have previously re-
ported (Ref. 1) that obmic contact can be made to n-type
GaAs layers without the formation of the usual surzace beu -
rier if a contact "pad’ is formed by implantation of eirther
sulfur or tin at room temperature. In order to estaklish
whether this effect is a result of damage associated Sath
the rocm temperature implantation or electricai acs.':1y =i
the tin and sultur atoms, a sample of n-t{ge Gal.se wg: af
planted at room tempeiature with 1.1 % 16l6/cm2, S0 &V
argon ions. Argon has not been observed to be elet:i:i:
active in GaAs, but such implants eliminated surf. .-

of motals £ these implanted surfaces. when gelc @ =
contact prises wera vlaced on the surface, chmic contacst
c1-3 made: nn surface barriers were observen trem troe U-1

characteristics, and therc was no evidence that a p-vyL*®
layer had formed. Van der Pauw ilall measurements 1ndicated
a sheei resistivity of approximately 0.5%5% ~/ao, a mobiliry
6700 cm2/V-sec (n-type), and a surface carrier concentra=
tion of 1.7 x 1015/cm2. These values agree with those wnich
vne manufacturer gives for the substrate mater.a.. Thus o*




appears that ohmic contacts produced by room temperature 1m-
plantation result from damage rather than electrical activity;
it is likely that any ion can be used to produce such con-
tacts, regardless of 1its expected electrical activity 1In

GaAs.

various samples implanted as described were annealed
for 1 hour at temperatures of 100, 200, 300, 400, and 500°C.
The V-I characteristics measured between a pair of gold
probe-point contacts to the impianted surface of these
samples are shown in Fig. 1. It can be seen that the ohmic
contacts were unaffected up to 200°C, but some nonlinear be-
navior was observed at 300°C. For samples annealed at 400
and 500°C, ohmic contact was no longer obtainable. Surface
burrier: formed when contact was attempted, as in non-implanted
n-type GaAs. This indicates that the damage produced by the
implant anneals at ~300°C, as observed in our Rutherford
scattering work reported earlier {(Ref. 1).

B. Damage Studies

A study of lattice damage resulting from 60 kV cdt ion
implantation of GaAs substrates was begun this year, with
much of the work supported by company funds. Three inde-
pendent damage measurement techniques have been employed:

{1) Rutherford scattering measurements {in collaboration
with E. Westmoreland, California Institute of Technology):
(2) spectral reflectivity measurements (performed with G.
Shifrin, HRL); and (3) scanning electron microscope obser-
vations (made in conjunction with E. Wolf, HRL (Ref. 2)).
Damage was measured in a series of GaAs substrates implanted
at room temperature with doigs of 60 kV ¢d% ions ranging
from 1 x 10 2/cm2 to 1 x 10 /cmz.* The acquisition and
analysis of data from these experiments are not yet complete,
pbut at present it can be stated that the results obtained
with the three different damage measurements technigues are
-n qualitative agreement. The Rutherford scattering data
shown in Fig. 2 indicate that relatively little ?%magsf re-
sults in samples implanted with a dose of 3 x 10-4/cm

’

*These ion doses have been corrected for error introduced by

secondary elestron emission during implant; they are about .
a factor of three smaller than the values measured without i
gsecondary electron suppression.

"The damage scale shown in Fig. 2 1s arbitrary, and shows !
the fractional amount of lattice disozder relative to that
in a sample implanted with a dose of 1015,cm2, The 1mplanted

layer 1n that sample 1s assumed to be totally disordered or
amorphous.
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Fig. 2. Damage versus dose for cadmium-implanted GaAs as
measured by 1 MeV He channeling.




while the surface is essegtially totally disordered for
samples implanted with 10 5/cm2 or higher. Very heay

damage is present in samples with doses = 4 x 101 /cm<,
Spectral reflectivity measurements show that reflectivity

at 2450 A is unchanged by a dose of 1 x 1012/cm2; however,

it decreases more Sr less uniformly with increasing dose

up to 5 X 10l /cm?, at which point the reflectivity versus
dose curve begins to level off (see Fig. 3}. The change

in reflectivity at 4250 g is not as great as that at 2450 ﬁ,
and no distinct break-point can be determined. Figure .

3 shows the change in reflectivity at only two of the key

peaks of the spectrum of GaAs shown in Fig. 4, but reflec-
tivity was observed to Aecrease over the entire spectrum

as ion dose was increared. The electron scattering patterns
obtained with the scanning electron microscope are also

in qualitative agreement with these results, showing essentially
an undamaged crystalline structure for a dose of 1 x 1012 /cm2
and a structureless amorphous layer in a 1015/cm2 implanted
sample. Heavy damage caused almost complete destruction of the
chitalline pattern, even in a sample implanted with a dose of
10 /cm2. (Figure 5 shows typical SEM photographs.) No tech-
nique has yet been developed for the qgquantitative analysis

of the scanning electron microscope data to determine relative
lattice disorder.

The anneal behavior of lattice damage has been
studied in some of these samples of 60 kV cadmium (room
temperature) implanted Gaas. Spectral reflectivity was
measured as a function_of 3nneal temperiture for two samples
with doses of v4 x 1013/cm and ~1 x 10 5/cm2. The samples
were annealed for 10 min periods at temperatures from 50 to
500°C (50°C steps), and their spectral reflectivity was
measured after each step. The reflectivity of the smaller-
dose implant increased sharply after anneal at 250°C, ap-
proaching that of a nonimplanted sample, while that of the
heavier implant showed a generally upward trend above 300°cC.
However, even after 500°C anneal the reflectivity remained
far below that of undamaged samples (see Fig. 6). The
interpretation of the reflectivity data was greatly com-
plicated by excessive "scatter" of the points, resulting
from a reflecting surface orientation dependence of the
reflectivity measurement; however, the "break" in the
curves at 250°C and 300°C, respectively, is clearly discer-
nible. It was determined later that the orientaticn depen-
dence of the reflectivity was caused by misalignment of the
front surface of the sample with respect to the light beam.
The samples were mounted with their back surface flush
against a reference plane, but the front and back surfaces
of the samples were significantly nonparallel. This prob-
lem will be avoided in future measurements by aligr'rj
samples with respect to the front surface. (A new .=t of

10
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n-type substrates has been cut and polished, and is presently
being implanted with 60 keV cdt ions at rcom temperature.

The samples will be used first for a detailed measurement of
damage versus ion dose and anneal behavior, using the
spectral reflectivity method. Hall measurements then will
pe made to correlate the results with electrical character-
istics of the implanted layer.) The damage annealing re-
sults of spectral reflectivity measurements are in reason-
ably good agreement with damage measurements made by the
Ruther ford scattering method. These show a sharp anncal
step below 250°C for the 4 x 1013/cm2 dose sample and a
gradual, partial anneal of damage in the 1 x 10 5/cm2 sample,

For heavy implants, which create a totally amorphous
layer in the crystal, it appears that annealing above 500°C
is recuired to comgp et 2ly heal the damage caused by implan-
tation. The damage from relatively light implants (<10*4/cm2),
which is thought to consist of isolated damage clusters. an-
neals almost completely at temperatures below 500°C.

The Scanning Electron Microscope is also being used
at present for the study of damage annealing in these 60 kV
cadmium implanted samples. Very few data have been collected
as yet, but the initial results indicate a substantial anneal
step between 200 and 300°C for lightly implanted samples.

C. Electrical Properties of Room-Temperature-Implanted
Layers
1. Sulfur implants. — Sulfur was implanted into

high resistivity p-type GaAs substrates at room tempera%ure
us%ng energies of_30 and 60 keV and doses from 1.8 X 10 3/

cmé to 1.25 x 1015/cm2. Following implantation, all samples
exhibited n-type layers; however, the layers were of high
resistivity, as described in a previous report (Ref. 1). No
surface barriers developed when contact was made to the
samples with gold probes; ohmic contact was made. The samples
were encapsulated in SiOp in preparation for high-temperature
annealing. After the encapsulation process, which involved
heating the samples to 480°C for 2 hours, it was found that
the n-type layer was no longer present in any sample. Thermal
probe measurements indicated p-type material. Subseguent
annealing for 10-min periods from 600°C to 900°C in 100°C
steps produced no n-type layer formation, except in a sample
implanted at 30 kV with a dose of 2.5 X 1014/cm2.

15
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anncal at 900°C. (The conductivity was less than that VI
the as-implanted layer). It 1s possible that the loss of
eloctrical activity in the annealed samples resulted from
outdiffusion of sulfur atoms during the encapsulation pro-
cess, before the 8i0p layer had become thick enough to re-
tard outdiffusion. Sulfur diffuses fairly rapidly in GaAs
and has a vapor pressurc approaching 1 atm at 480°C; hence
it is conceivable that it could diffuse to the surface and
evaporate, lecaving no obscrvable layer. This hypothesis is
supported by the fact that p-n junction diodes have been
formed by implanting sulfur ions through an oxide into p-type
substrates and subseqguently annealing at 800°C without re-
moving the oxide. (See Section III-E.)

We have considered the possibility that the n-type
layers produced by room temperature implantation of sulfur
ions (as described above) might be the result of implantation
damage rather than electrical activity of the sulfur atoms.
However, this does not appear to be the case, since a sub-
strate of p-type GaAs ‘mplanted with 1.1 x 1016/cm2, 30 kv
argon ions at room temperature gave no indication of an n-
type layer. Room temperature implantations of tin ions also
fail to produce the n-type layers which have been observed
for the sulfur implantations.

2, 2inc implants. — During this year we began
the measurement of the electrical properties of room-
temperature zinc-implanted samples as a function of ?nneal—
ing. Samples implanted with doses of 1013/em? to 10 6/cm2
20 kV ions did not appear to have a p-type layer in the "as
implanted" condition; after anneal at 120°C for 30 min a
p-iype layer did appear. Measurements of the V-1 curves
indicated that a rectifying junction was present between the
implanted layer and the substrate; however, the resistivity
of this layer was very high For example, van der Pauw Hall
measurements on the 1015/cm2 dose sample showed sheet resis-
tivity 105 Q/a, mobilitx +3 cm¢/V sec, and surface carxrier
concentration = 2.5 x 1013/cm2. It was not possible to
measure the corresponding values for the sample containing
the 1013/cm2 dose because the layer resistivity was too
high. The change in resistivity as a function of anneadl
temperature for these samples 1s shown in Fig, 7; mobility
and carrier concentration data are given in Fig. 8. The
surface of the samples was protected during anneal by using
the cover wafer technique at temperatures up to 500°C, and
a pyrolytically deposited 5103 film was used for anneals
above 500°C. Layer resistivity remained above 104 Q/o for
all but the 1016/cm? dose sample, even after annealing at

L€




-

SHEET RESISTIVITY, /0

Fig.

o
o

o
D

7.

turs (10 min anncal periods).

i

~ D905-2
— 1 l 1 I 1
— ION DOSE -
10'%em? ]
| 0'6/emPe. _ IMPLANT CONDITIONS ]
B Ss 20 kV ZINC |
ROOM TEMPERATURE
___10'5/cm2/ \ H
- \% =
[ \ ]
- \ —
- \ \ —
L 10'%/cm? "’_\\4 R .
. M AU \\ -4 |
\\ \\*"—
‘N‘I -
— \ —
- N\ -
- N\ —
| — \'L_‘-_- —
— B
| | i | \
0 100 200 300 400 500 600
ANNEAL TEMPERATURE,°C
prpendence of Gahs rosistiviey on annoal tormpera-




D905-3

@ ION DOSE = 10'6/cm? IMPLANT CONDITIONS
® ION DOSE =10'5/cm? 20 kV ZINC
ROOM TEMPERATURE
A ION DOSE = 10'4/cm?
Ny
3
S [ I I I |
<
[}
b=
4l
< 10" =
- -
Z ) —
Wi —
o amund
&
¢ s -
u — ] -
E | ]
L= — —
o
d
2
L o3 | | ] | |
?
| | | | | |
]
Y]
> 1
o 0=
E b
(%] W
% __
t_. e
- -
D
9 - ]
10° 1 1 | | ] |
0 100 200 300 400 500 600

ANNEAL TEMPERATURE, °C

Fig. 8. Dependence of mobility and carrier concentration on
anneal tcmperature of implanted GaAs (10 min anneal
periods) .

18

.M.




500°C. This high resistivity was a result of low mobllity
and low carrier concentration. The resistivity of all of the
implanted layers was sufficiently high that accurate mea-
surements of mobility and carrier concentration were diffa-
cult and in some cases impossible; hence the data of Flg. 8
exhibit a great deal of scatter, except for the 1016/cm
sample. Nevertheless, it is significant that a p-type
layer was formed in all of thesc room-temperature implanted
samples after only a 120°C, 30 min anneal. Our previous
work has shown that samples implanted with 20 kV znt 1ons
at 400°C require annealing at 500°C or above in order to
form even a high-resistivity p-type layer.

It is also interesting to note that the resistivity
of the sample implanted with a 1016 /cm2 dose showed a sig-
nificant anneal step between 200 and 300°C. Damage studies,
described in Section II-B, have indicated an anr:al step
in this temperature range.

D. Junction Depth Measurements

Angle section and stain technigues have been used to
measure junction depth in samples of Gahs implanted with
approximately 1 X 10 6/cmz, 20 kV zinc ions at 400°C. An
etchant of 1 part HNO3 to 6 parts HZOE was used for staining.
Substrates (n-type) doped from 35 x 1615/cm3 to 1.8 x 1018/cm
were used, but junction depth appeared to be independent of
substrate impurity concentration. The 1.8 x 1018/cm” doped
substrate yielded the clearest stain pattern; the junction
was frequently difficult to observe in high resistivity sub-
strate material._ Figure 9 shows the junction in a sample
of 1.8 x 1018/cm3 substrate material, implanted as above
after anneal at 900°C for 35 min. The junction depth 1n
this case is 0.44 p. The surface of the sample is at the
top of the figure, and the angle-lapped bevel is in the
lower portion. Note that the junction depth is quite uni=
form, except for a short-range ripple caused by irregularity
of the polished surface. (The chemical-mechanical polish-
ing machine described in Section IIl-A had not been com-
pleted at the time this sample was prepared; hence it was
merely chemically polished in a peaker.) Junction depth
was measured as a function of anneal time at 800 and 900°C;
the results are shown 1n Fig. 10. As a result of zinc ditfu-
sion, the junction depth changed from about 1000 A imme-

| diately after implantation to 1.3 u after anneal at ap0°C
for 5 hours. It is very difficult to measure junction depth
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for brief anneal periods because of poor staining; more ei-
fort must be devoted to accurate measurement of the "as-
implanted” junction depth. Annealing at 800°C also pro-
duced measurable change in junction depth, reaching 0.44 u
after 50 hours. AE both temperatures the depth was propor-
tional to (time)l/ , as would be expected from diffusion
theory; in all cases, however, the depths were much less
than would be expected for diffusion from a constant-con-
centration zinc source in the same time interval. Disper-
sion of the originally implanted atoms by diffusion results
in reduction of the diffusion coefficient, which is highly
concentration-dependent for zinc in GaAs. It is probably
this effect which causes the change of junction depth dur-
ing anneal to be smaller than expected from published obser-
vations of zinc diffusion from a constant-concentration
source (Ref. 3).

We have also had some success in staining n-type
layers produced by tin implantation. The etch used was (by
weight) 1 part K3Fe (CN)g:l part KOH:40 parts Hy0, which
stains the p-type substrate dark, revealing the section of
the n-t{ge layer as a white "band." A sample implanted with
=1 x 10 /cm2, 35 kv snt ions at 400°C and anncaled for 2
hours at 900°C had a junction depth of 0.44 u, For compari-
son, a 20 kV zinc implant annealed for 2 hours at 900°C has
a junction depth of 0.8 u.

C. Implanted Diodes

The effort to produce good quality dindes by 1on ime
plantation has been intensified during chis vear, with tho
work being concentrated on room temperature implants. The
cause of the previously reported semi-insulating layer 1in
implanted diodes has been tentatively identified, and effec-
tive methods of eliminating the 1 layer {when so desired)
have been developed. PRecent results, described in Scction
II-F, indicate that the defects responsible for the .1 layecry
are probably related to vacancies generated by the cscape af
arsenic at the surface during implantation and ann=aling.
when steps are taken to prevent tinis dissociatinn, diodcs are
formed which have either no 1 laver or a much reduced
layer thicknrss,
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The diodes which we described in earlier reports were
created by implantation of substrates at 400 and 500°C. 1In
order to determine the effect of room temperature implanta-
tion on diode operating characteristics, a set of diodes
was fabricated by implanting nonheated substrates with both

20 kV and 84 kV zn' ions_in doses ranging from 1013 to
1016 /cm2. Following implantation , the substrates were

coated with 5102 by pyrolytic decomposition of tetraethyl-
orthosilicate and were annealed at 650°C for 3 hours. After
anneal, diode "mesas" about 0.5 mm in diameter were formed
by masking and methyl alcohol-bromine etching the substrates.
Contact was made to the n-type substrates by alloying with
nickel-tin. Electrical connections were made using gold
probe pressure contacts, and the diode V-I characteristics
were observed on a curve tracer. The diodes had reverse -
breakdown voltages ranging from 30 to 120 V, with the high
breakdown voltagig be%ng observed in the lOis/cm dose
samples. The 10-7/cm samples had no observable junction
formation. The forward Eesistance of all of the diodes was
somewhat high (in the 10° - 104 ¢ range), probably because
of the high substrate resistivity and the presence of a
semi-insulating layer in the junction region. Figure 11 shows
the V-I characteristics of one of the better diodes of this

set.

In an effort to obtain diodes of lower forward resis-
tance than that of the above devices, a set of diodes was
made by implanting 1 x 1 16 /cm2, 20 kv, Zn* ions into heavily
doped (n = 1.8 X 1018/cm3) n-type substrate material and
annealing for 10 min at various temperatures from 500 to
900°C. Those diodes annealed below 700°C had forward re-
sistances on the order of 100 & and reverse breakdown voltage
-8 V; those annealed at 700°C and above had forward resis-
tances of 10 to 30 . and reverse breakdown voltage =6 V.
These breakdown voltages approximate the theoretical value
caiculated by Sze and Gibbons (Ref. 4) for an abrupt junction
in GaAs (-6 V for a substrate background doping of 1 x 10+°/
em3). C-V measurcments indicatead that the sample annealead
at 500°C had a relatively thin semi~insulating layer (0.166 u)
present in the junction, and that the 1 layer thickness
was even less in the 600 and 700°C annealed sample. The
800 and 900°C samples had no measurable i layer and were
abrupt p-n junction diodes. The decrease in 1 layer thick-
nerc to zoro with increasing anneal temperature contrists
with the behavior of zinc implants at 400°C into lightly
doped substrate material, in which anneal at higher
tamperature produced thicker i lavers; this effect is
Aascribed in detail in Sectr~- 17T ¥
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A third set of diodes was made by implanting 1.2 X
1015 /cm?, 60 kv, cdt ions into moderately doped (n = L.5 X
1017/cm3) n-type substrate material. Anneal of these
gsamples for 10 min periods at temperatures from 600 to 800°C
produced diodes with reverse breakdown voltage =30 V and
forward rcsistance on the order of 100 Q. 1In gennral the
700°C annealed diodes appcared to have the highest break- -
down voltage and lowest leakage currcent and forward resis-
tance. C-V measurements indicated a much thinner scmi-
insulating layer in these room temperaturc implanted diodes
than was observed in 400°C implanted cadmium diodes.

Having cbtained relatively good room-temperature
operating characteristics for some implanted diodes, we
have initiated measurement of the high temperature operat-
ing characteristics of ion-implanted GaAs diodes. A hot
stage has been built which permits measurement of the V-I
characteristic and capacitance versus voltage variation of a
p-n junction diode as a function of temperature up to 300°C.
A pressure contact to the implanted layer of the diode is
made by means of a gold srobe, while the substrate is con-
tacted through the carbon block of the heating stage. For
an n-type substrate, an alloyed Sn-Ni ohmic contact is made
to the undersurface of the GaAs substrate so that there is
no surface barrier between the substrate and the carbon
block. Using this setup in conjunction with a curve-tracer-
oscilloscope, we have observed the V=1 c%rve of a diode
made by implanting a dose of 1 x 1015/cm2, 84 keV zinc ions,
at room temperature, into an n-type substrate with n =~ 5 X
lOls/cm3. After implantation the diode was coated with
sputtered Si02 and annealed at 650°C for 3 hours. At room
temperature this diode had a reverse breakdown voltage of
Vg - 25 V and a forward resistance of 2000 @; the reverse
leakage current was less than 1 pA. The relatively high
forward resistance probably resulted from the small area of
the gold probe contact to the implanted layer, and from a
semi-insulating layer which was present in this diode. At

100°C there was no significant change in the V-I curve (see

Fig. 12). At 200°C the reversé breakdown voltage dropped to
about 22 V, and the leakage current at 1/2 Vg was 5 uh. At
300°C the junction was still definitelv rectifying, but VE
had decreased to 20 V and the leakage current at 1/2 Vgp Wwas
approximately 60 uA. These initial results of operating an
ion-implanted GaAs diode at elevated temperature are vety
encouraging; we intend to continue the work, measuring de-
tailed point-by-point V-1 curves, and extending the measure-
ments to the temperature which proves to be the upper limit
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for operation of these diodes. A suitable oven, with an incrt
atmosphere, is now being constructed. We shall also deter-
mine whether there is any degradation when these diodes are
opcrated at elcvated temperature for extended periods of tim

Most of the implantad diodes we have studied werc made
by implanting p-typc dopants (zinc or cadmium) into n-type
substrates; however, wc have recently begun examining some
diodes made by implantation of an n-type dopant, sulfur.
Threc implantations of 85 keV sulfur ions into p-type sub-
strates were performed at room temperature. The implants
were made through a 700 & oxide which had been spu'.t:...d onto
the substrates at room_ tempgrature. The doseg used were
1l x 1014/cm2, 1.2 x 1015/cm2, and 5 x 1015/cm2. Portions
of each of the implanted samples were annealed at 800°C for
15 min, with the oxide still in place. This annealing re-
sulted in the formation of a definite p-n junction in the
two samples with dose >1015/cm2. Relatively strong light
sensitivity was observed when the junctions were reverse
piased. Thermal probe measurements also indicated n-type
electrical activity in the implanted layer. To date only
the reverse bias characteristics of these diodes have been
observed; the formation of surface barriers at the gold
probe contacts to the n-type implanted layer prevented mea-
surement of the forward characteristics. Suitable contacts
will have to be formed on these samples to allow measure-=
ment of the forward V-I characteristics. The successful
creation of an n-type layer by sulfur implantation in these
oxide coated samples is in marked contrast to the failure of
similar attempts in uncoated samples. It is possible that
the oxide is regquired to prevent outdiffusion of the sulfur
atoms.

F. Investigation of the Semi-Insulating Layer in
Implanted Diodes

Our previous work (Ref. 1) has shown that a semi-
insulating layer often is observed in ion implanted junc-
tions. The thickness of the layer has been found tc depend
on both implantation and anneal conditions. The results
described below indicate that the defects responsible for
the semi-insulating layer appear to be related to vacancics
generated by the escape of arsenic at the surface during
implantation and annealing. When steps are taken to prevent
this dissociation, diodes are formed which have either no 1
layer or a much reduced i layer thickness.
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The thickness of the semi-insulating region was mea-
sured (using the C-V measurement technique, Ref. 1) for a
number of implanted diodes which had been annealed for
10 min at temperatures up to 900°C. Figure 13 shows the
results for zinc and cadmium implants_at 400°C into a very
lightly dopcd substrate (n ~ 1.2 X 1014/cm3). A relatively
thick semi-insulating laycr was present in diodes annealed
at 600°C, and the layer was even thicker in diodes annealed
at higher temperature. Semi-insulating layers with thick-
nesses on the order of tens of microns or greater were ob-
served only in diodes formed in very lightly doped substrate
material. Our earlier work (Ref. 5) has shown that the i
layer thickness varies approximately as the inverse square
root of the substrate impurity concentration, for a fixed
set of implantation and anneal conditions. The formation of
the semi-insulating layer in the junction and the subsequent
variation of thickness with annealing are nelieved to be
caused by defects created during the implantation and sub-
sequent anneal, which produce compensation to the depth
where the concentration of defects equals the substrate im-
purity concentration. puring anneal, localized defects
(thought to be arsenic vacancies) produced by ion bombard-
ment may diffuse through the lattice to form more complex
and stable defects at far greater depths than the projected
range of the implanted ions.

The anneal behavior of the semi-insulating layer in
diodes implanted with the substrates held at room tempera-
ture instead of 400°C is shown in Fig. 14, The significant
feature of the data is that the thickness of the semi-
insulating layer decreased with increasing anneal tempera-
ture, and the diodes annealed at 800°C or 900°C had only a
very thin i layer or none at all. The decrease of 1
layer thickness with increasing anneal temperature, which
contrasts with the behavior of the 400°C implanted diodes,
is thought to result partly from reduced vacancy generation
during implantation; the resulting smaller number of deep-
level compensating defects was unable to provide the concen-
tration required for total compensation to greater depth
when defect diffusion occurred.

The larger background impurity concentration of the
substrates used for these samples also contributed to the
decrease in 1 layer thickness by decrcasing the depth tc
which total compensation could occur hefore the supply of
defects was exhausted. In diodes made by room temperature
ion implantation into heavily doped substrates, as shuwn
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in Fig. 15(a), the semi-insulating lavsz was very thin and

: in some cases nonexistent. The data oI Tig. 15(b} show

: that even in the case of 400°C implantzz:icn, a relatively

- thin i laver resulted when a very heaTilr doped substrate
material was used. Diodes formed by imzlanting 20 XV zinc
iocns intc a rcom temperature substrats zackground concentra-
tion, n = 1.8 x 10187cm3) and subsequenzlv annealing at
800 or 3900°C for 10 min had the C-V chzrzcteristics of an
abrupt p-n junction. The reverse breazizwn voltace of these
diodes was also that which would be thscrstically expected
(Ref. 4) for an abrupt p-n Jjunction.

The defects responsible for the cbhserved compensation
in the ‘i~ layer diodes are thought to Ze complexes involv-
ing arsenic vacancies and the substrats zackground dopants
(Te or Sn), Compensation involving the :—planted p-type
dopants zinc and cadmium does not appezr to be responsible
for the semi-insulating laye: tecause z=e 1 layer thick-
ness in many cases far exceeds the proaected range of the
implanted ions, as well as their diffuvs:cn depth for the
anneal cycles used. The diffusion dep:: of implanted zinc
and cadmium atoms has been measured using the angle-sectioning
method in conjunction with an etchant which stains the
p-type layer to permit visual cbservaticn of its thickness.
The results for zinc implants, which wsre shown in Fig. 10,
indicate a diffusion depth of only 1 . even after anneal at
900°C for 3 hours. Unlike the semi-insalating layer thick-
ness, the thickness of the p-type layer i1s essentially in-
dependent of substrate background dopizc concentration.
Based on the data of Fig. 10, the calczlated diffusion co-
effici?nt fgr ion-implanted zinc at 903*C 1s on the order
of 10713 cm /sec, assuming diffusion from a surface layer
containing a fixed quantity of atoms. Zowever, this should
be considered as only an "average" valze since the diffusion
coefficient of zinc 1n GaAs 1is known tc be dependent on the
zinc. concentration rather than constant (Ref. 3). Angle-
section and stain measurement of the é&soth of 20 kV cadmium-

"“implanted layers has shown that the dezth is approximately
- 3000 &, and there is negligible change zn layer thickness
- . 1 a1t during "anneal at temperatures from 600 o 300°C for up to
- © """ '3 hours. This 1s to be expected becatse the diffusion coefrfi-
: """ cient for cadmium 1s several orders of magnitude less than
-~ - that for zinc in GaAs (Refs. 3, 6). Wuzile the compensating
Cliiitgefects do not involve the implanted icns themselves, the
» -rwro--damage resulting from implantation is raguired for defect
~_____generation. This fact was demonstrateZ by implanting n-
- ; type GaAs substrates with 30 keV argor :ons, which are not
o electrically active 1in GaAs, and subseztently annealing
, .iafor 1 nhcur at either 5G0°¢C or 600°C. Identical substrates
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were formed on all of these substrates, and C-V measur=ment:
indicated a semi-insulating layer in the implanted sukstrat
but’'not in the others. Annealing for 1 hour at 509°C zr
600°C is known to be sufficient to produce a high-concductivizy
layer when electrically active atoms are implanted, irdicat:ng
that most of the implantation-caused lattice damage has
healed. The 1 layer observed in the argon-implanted sub-
strates fter annealing thus appears to result from cc-men-—
sating defect centers such as those present in the zinz- ané

(Y

s,

~cadmium-implanted diodes.

The fact that room temperature implantation results

"in a thinner semi-insulating layer than that formed in 400°C

implants after annealing suggests that vacancies generated
during implantation may be involved in the compensating de-
fects. Arsenic vacancies rather than gallium vacancies are
suspected because the phase diagram of GaAs (Ref. 7) irdi-
cates that an arsenic deficient, nonstoichiometric comzound
will tend to form at the temperatures used for annesl of the
i layer diodes. The electroluminescent spectrum of fcrward-
biased zinc-implanted diodes, measured at 77°X, provicdes
additional evidence that arsenic vacancy defect complexes are
present. A relatively intense, broad emission band was ob-
served, centered in the range 1.2 to 1.3 eV (see Fig. 16).
Increasing tne diode anneal temperature in the range 500 to
900°C resulted in a decrease in the intensity of this emis-

"sion relative to that of the near-bandedge radiation at

1.46 eV, and a shift 1in peak energy from 1.2 to 1.3 eV.

A similar emission band, reported by Kressel, et al.(Ref.
8) , has been attributed to an acceptor level approximatsly
0.23 eV above the valence bandedge, probably as a resulc

of an arsenic vacancy or a complex involving an arsenic
vacancy. (However, it should be noted that previous authors
(Refs. 9, 10) have observed a similar emission band and

© attributed it to gallium vacancy-substrate dopant atom com-

plexes.) High resistivity layers 1in vacuum annealeé n-—

type GaAs have also been attributed to arsenic vacancies

or complexes by Pearson and Harris (Ref. 7}, who have mea-
sured the diffusion coefficient of arsenic vacancies in GaAs
to be 10711 cm /sec at 600°C, with an activation energy of
1.3 eV. Arsenic vacancy generation during implantation can
be limited by implanting ions through a thin film protective
coating. Some diodes have been made by implanting 150 keV
zn?* into n-type substrates at 400°C through a 700 to 9350 &
thick film of sputtered 5102. Following anneal, marny of these
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dioﬁes had abrupt p-n junctions, in marked contrast to Jdiodes

- implanted at 400°7 without the oxide; however, the resu.ts

of this method were not entirely successful because many

ather diodes implanted through the oxide had relatively thick
i :lavers. Pinholes observed in the thin oxide may have
allowed local escape of arsenic at random points on the
substrate. The pinhole problem can be solved by implanting
higher energy ions, which would allow the use of thicker, mors

“reliable films. A 300 kv implantation machine is nearing
.. completion at Hughes Research Laboratories, making such
_experiments feasible.

The compensating defect complexes observed in the
zinc and cadmium implanted diodes do not appear to be strongly
dependent on the substrate dopant atom, since both tin and
tellurium doped substrates were used and the semi-insulating
layer had the same characteristics in both cases. 1In fact,
similar compensation-produced i layers have been observed

“in n-p diodes made by implanting B85 keV sulfur ions into p-

type (zinc doped) GaAs substrates. The vacancy-substrate
dopant atom complex presumably produced compensation in
these p-type substrates by preventing electrical activity of
the zinc acceptors, although it also might have compensated
the implanted sulfur donors. Overcompensation, resulting in
conversion of an n-type material to p-type, or vice versa,

""has not been observed.

The conclusion which can be drawn from these results
is that the effects of both lattice disorder and nonstoichiom-
etry must be considered when binary compounds are doped by
ion implantation. Implantation-caused lattice disorder can
be "healed" by annealing at elevated temperature, but steps
should be taken during both implantation and anneal to pre-

" vent dissociation of the substrate. In ion-implanted sub-

strates it appears that significant dissociation (in terms
of vacancy generation) can occur even at temperatures far
below the dissociation temperature for the undamaged material.

G. Future Plans

The damage studics and measurements of electrical
properties of implanted layers will be continued, with
emphasis on higher energy implants (up to 300 keV) at room
temperature and 77°K. In some cases implantation through
an oxide will be employed to protect the substrate surface.

35






I

Ui

It is believed that such implantation conditions should
- minimize arsenic loss during implant and thus result in

less defect compensation after annealing has been performsd.

The characteristics of icn implanted diodes will k=
studied as a function of implantation and anneal conditicrns;
the goal of this effort will be to obtain high operating-
temperature diodes, efficient light emitters and photodetzc-
tors, and possibly IMPATT devices. Efforts also will be
made to produce ion-implanted bipolar transistors.,
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Iv. IMPLANTATION STUDIES IN SILICON CARBIDE

Slectrically active n-type layers have been created
in p-type alpha silicon carbide throuch ion implantation
technigques. Phosphorus, antimony, ané nitrcgen ions have
teen implanted at room temperature at ion ernergies up to
150 kxeV. Studies of minimal annealing regquirements show that
diodes with rectification ratios greater than 10° at 5.0 V
T A at room temperature can be made using process temperatures
no higher than 1200°C while optimum anneal temperatures ap-
pear to be 1500 to 1600°C.

4

— R | A. Nitrogen Implanted into p-Type SiC

The calculated ranges for ions implanted at various
energies in an amorphous SiC substrate are seen in Fig. 17.
We are deeply indebted to Hans Schigtt of the University of
Aarhus, Aarhus, Denmark, for his computation of the ranges
of various ions implanted into amorphecus SiC. Such inves-
tigation in the case of a mixed crystal is cuite lengthy
and involves data based essentially on two sublattices. Dr.
Schigtt has compared_ranges of iogns into a crystal made of
equal numbers of gC 2 and 14Si28 atoms and for an equiva-
lent crystal composed of loNezo. The results have been the
same in either case, and the equivalent, one-substance model
proved to be the most useful in other calculations.

A sample of aluminum-doped «-SiC was implanted with
nitrogen at room temperature. This material was supplied by
R.B. Campbell of Westinghouse Astronuclear Laboratory, and
was doped to a level of 1018/cp3. The crystal had been pre-
pared previously by etching in molten sodium peroxide to re-
move a few mils of material in order to prevent problems
which may be caused by possible grown surface layers. The
more smoothly etched face has been identified as the sili-
con face, and was the side 1mglanted. It was then given
& two-energy implant with 101 carriers/cm2 at 84 kV and
1015 carriers/cmé at 25 kV. As with other implanted samples,
the implanted region is dark brown in color and is easily
visible. Neglecting possible channeling effects, we expect
two concentiation peaks at 500 R and 1500 & 1into the SiC.
The maximum carrier concentration in each peak should be
~2 x 1020/cm3 and ~1020/cm3, respectively. For this situa-
tion, the number of implanted ions should equal the number
of bulk carriers at 500 & = 510 & and 1500 & - 1200 A (Ref.
11). The effect of overlapping layers should prevent any
g two-layer or buried junction characteristics. The theoretical
distribution curve for thz2se’ implant conditions :s shown
] in Fig. 18.
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As implanted, with no annealing, the surfacz showed a
conductivity and thermal probe response which differed from
the original surface of the SiC. Resistivity measurements
were nonreproducible, however, and no Hall voltage could
pe detected. Annealing at 500°C and 750°C resulteé in con-
siderable lightening of the brown color and a slight increase
in thermal probe response; however, there was no improvement
in other electrical measurements.

Annealing the sample at 1000°C in a vacuum of 2 x lO“6
Torr for 2 min increased its response to the thermal probe.
Response to ultraviolet light indicated that a p-n junction
was present. Soldered indium-silver contacts on the im-
planted surface permitted Hall measurement with no junction
etching required to reduce leakage current. The results of
this measurement are shown later in Table I. Junction de-
vices were formed and their characteristics measured in order
to investigate the donor-implanted layers. The crystal was
masked with wax and a small mesa was etched by anodization
(Ref. 12) through the implanted layer into the bulX p-type
crystal. Decomposition products must be thoroughly removed
from the junction to obtain good device characteristics (see
Section IV-F). The mesas were used for capacitance-voltage
and current-voltage measurements. Figure 19 shows the V-I
characteristics with the possible presence of an ohmic region
for reverse bias conditions. The cagacit&nce-voltage rela-
tionship shows a drop from 4.12 x 10 pF/cm2 at zero bias to
2.7 x N4 pF/cm2 at 3C V reverse bias when measured at 100 kHz.
At a c..stant dc bias of 5 V, capacitance is inversely pro-
portional to frequency rather than maintaining a constanrt
value. ‘his indicates the presence of traps in the junction
region (Ref. 5).

A subsequent anneal in vacuum at 1200°C for 2 min
produced evidence of a change in sheet resistivity and slec-

tron mobility (see Table I). The values of electron mobility
listed in Table I are sonsiderably lower than some reported
in the literature. However, as a result of charge scatter-

ing, a low mobility value is to be axpected when the concen-
tration of carriers is high. Electron mobility may also be
limited by crystal imperfections which are present follow-
ing the implantation process. While the state of the art in
SiC production is such that it is hazardous to compare data
from material from different sources, extrapolaticn of pub-
lished data (Ref. 13) indicates that a mobiiity of 1 cm /-
sec is lower than expected if charge scattering is the only
mechanism depressing mobility values.
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Current-voltage characteristics of a small dot iso-
lated by electroetching contained no indication cf arn shmic

region. Capacitance as a function of freguency showeé much
less decrease with increasing frequency tnan in <he pravious
anneals. The capacitance at 5 V reverse bias is nearly

constant at 4.5 x 10% pF/cm from 5 kHz to 500 xXz. <Capaci-
tance changes with voltage are shown in Fig. 20; chances
occur more rapidly after 1000°C anneal. The above 1s 3trong
evidence that the defects which cause deer traps 1in the 5iC
have annealed out. .

An unexpected by-product of the 1200°C anneal «as-the
change in reaction to electrolytic etching. At lower anneal
temperatures the products of the electroetch weres not entire-
ly soluble, (this situation is described more fully 1i=n
Section IV-C). Tollowing this last anneal step, the reac- .
tion products appeared to be completely soluble, and SiC was
removed from etched areas instead of merely being transformed
into a nonconductive mass, as was the case previously. This
improved etching implies a larger hole current in the n-type
layer. The most likely cause for the improved hole current
is a decrease in defect centers in the intrinsic regions, or
a return to a more ordered crystal form in the donor layer.

In an effort to verify the thickness of the donor re-
giron, an angle of 3° was lapped at the edge of the nitrogen-

implanted layer. This magnifies the 0.2 pm penetration dis— .

tance to 3.8 um, a dimension easily seen by both a licht
microscope and the scanning elecron microscope. Hcwever, -
electroetching of this beveled edge showed none of the ex-
pected junction delineation This sample did collect elec-
tron bombardment induced (EBI) current efficiently, and-- -
allowed examination with the SEM (Refs. 2, 14). At magni-
fications up to 10,000x, however, no extension of the col-
lecting surface into an angle lapped region could be seen.

It would appear that the lapped, but not subseguently .annealed,

surface is damaged enough to interfzre with EBI current
collection.

An etched edge of this sample was also examined by
the SEM, but no depth was detected in the region collaecting”
the EBI current. Work on other samples has shown.that an
etched surface will not respond to EBI current examinration
until it has been subsequently annealed. This anomalous .
behavior of the p-n junction under chemical and electrical
examination has not »een satisfactorily explained, bt 'SEM
studies after annealing will be continued. Co
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This ritrogen-implanted sample was then annealed

1400°C for 2 min in a vacuum of 2 x 107 Torr. Changes =
implanted layer characteristics are summar:ized in Table I

Extrapolation of data presented by Xamath (Ref. 13.
indicates that the observed mobility of 7 cm?/V-sec ‘15 wrtihin
a factor of three or four of the electron mobility in SiC '
— grown with a carrier concentration of 10<Y/cm”. This ccncen-

tration is predicted for our implant conditions by the LSS 777
theory. The sheet carrier concentraticon of 7 x 1014 /cm?
measured for this implanted surface is near that of the total .. .

implanted dose (2 x 1015/cm2) .

At this stage of annealing, injection luminescence 1S
observed in the nitrogen-implanted diodes at only 9 my/cm2
while a commercial SiC luminescent diode requires 1.1 A/cm<.
The higher current required by the diffused devices is thought.
to be mostly leakage current, rather than indicating a much
— less efficient junctiocn.

Figure 21 shows the current-voltage oscilloscope trace
of the 1400°C annealed nitrogen-implanted diode. Traces are
shown for operation at room temperature and at 300°C. While
the forward current has increased as expected, there is
little observed change in reverse current out to the break-
down voltage. C-V measuraments on these devices indicate
that a p-i-n junction similar to that described by Greebe
(Ref. 15) exists in the crystal. Figure 22 is a plot of V-1
measurements taken at 23°C and 400°C. The forward current
characteristic at room temperature exhibits a slight leakage
current that has not been removed entirely by the surface
cleaning process. Current at both temperatures may be
expressed by I = I (exp (eV/2kT) — 1} cver a considerable
range. A value of "I, may be obtained by extrapolating the
curve of exp (eV/2kT) to zero bias. From the data in Fig. 22
and additional measurements at 100°C, 200°C, and 300°C, 1t 1s
— found that I is proportional to exp-(1.45 e/kT). The
agreement between 1.45 eV and an energy of one-half the band-
gap of SiC is significant and suggests that the origin of
the current is recombination in the depletion region- (Ref: l6}.
- A component of the current above 1 V at 400°C is proportional

) to exp (eV/kT), which suggests a component due to diffusion
- current. At higher values of forward current, the I-V char-
B acteristic is controlled by a series resistance which can be
- ' attributed to the substrate resistivity. srremprERmImaaial
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The reverse characteristics of the diodes are <l ex-
cellent guality and are similar to those found by Brancer
and Sutton (Ref. 17) on epitaxially grown juncticens. The |
reverse current increases smoothly with aoplied voltazz until
an avalanche breakdown is observed at 46 7. Small "klie }
spots” (Refs. 15, 17, 18) are seen to apcear at breaxizwni .
they are located at etch pits which were present in tos
crvstal prior to implantation. Photomultiplication is ok- . .
served at bias voltages below breakdown with ultraviclst
licht incident on the junction area.

Electron diffraction examination of the surfacz after ...
1400°C annealing showed that the surface had not reverted to
its crystalline condition. The low-angle electron dififrac-
tion technique can describe only the top 50 or so, = ----
this finding is not inconsistent with the observed p-n junc-
tion behavior which indicates good crystal structure In the’
region of the implanted junction, as much as 3000 & beneath

the surface.

Following an anneal in vacuum at 1500°C, electron
diffraction detected crystalline structure &t the surface.
This structure is less well ordered than before implantation,
but the amorphous quality of the surface layer has bean re-
moved. A concomitant decrease in sheet resistivity o the SiC
surface from 1290 /o to 744 Q/o was measured.

Annealing the sample at 1600°C in vacuum served to
decrease the sheet resistivity to 198 /o, but the elsctron
diffraction did not indicate any further improvement in
the surface structure.

A summary of the Hall measurements as a functica of
anneal temperatures is shown in Table I.

If Ng is presumed to be 1015/cm? for &all anneal -
stages, the increase 1in mobility with increasing anneal .
temperature is a smooth curve represented by the ' u* -column
of Table I ard is plotted in Fig. 23. Ng ig derived fxom
the relationship of the Hall voltage, the current,--anc- the
magnetic field. A relatively small error-in-any of thase
measurements could have caused the observed decréase In’
Ng at the second and third anneal stages; ‘and :the-assump-
tion of constant Ng 1is not unreasonable,, ..., ieens e
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TABLE 1

Results of Hall Measurements of Nitroqen—Implanted
Silicon Carbide?

Anneal . é

- -2 6., /3 w, cm”/ Lk
Tedpeggture, VH/I NS, cm s v-sec S
Nonannealed 6 X 106

1000 0.581 10ls .06 x lO4 0.59 0.588

1200 0.61 |9 x 10t 2 x 103 17077 0.99

1400 0.82 |7 x 10%? 29 x 105 ] 6.9 | 4.85

1500 0.549 101> 44 x 102 | 8.4 | 8.4

1600 0.546 1013 97 x 102 ] 31.6 |[31.6

1700 159 |3.5 x 1014 |9.55 x 102 | 18.7 | —
8211 measurements made in magneti. field of 9000 G.._ .

If the carrier concentration in the implanted layer is
concidered, a mobility of 30 cm2/V-sec is expected to be
the maximum obtainable (Ref. 13). To verify this experimental-
ly, a higher-temperature anneal was used. The sample was
annealed in vacuum at 1700°C for two 1 min periods. Surface
decomposition resulted in a thin, black, powdery coating
(see Section IV-F). The sample was then heated in oxygen
to 1000°C for 8 hours to oxidize any free''¢arbon’ or silicon
resulting from the decomposition. There:is .no.way of directly
determining the amount of material removed, but the 0.3 um
n-type layer has not all been destroyed. 'The p-n junction
is still present but the injection luminescence is limited
by the sheet resistivity and is less bright?  Results of
Hall measurements are shown in Table.L..,,Tha drop in mobil-
ity is not inconsistent with our previous statement that
the annealing of the crystal proceeds outward from the
implanted-nonimplanted interface. While the improvement in
crystalline orde - should cause an increase in mobility as
shown in Table I, carrier concentration should tend to limit
mobility in any given region. For a laver containing the
deping profile shown in Fig. 18, two regions of low mobility
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would be centered about *ne areas of maximum concentraticn,
with regicns of higher mchbilizy elsswhere. Tre measured
effective mobility of ¢ lavsr should be some combinaticn
of the recional mobilities (22f£. 19). For the éistributicn
shown, if 0.1 um were remcved, only zhe lower-mco1lisy re-
gion would remain, and the effective mobility must ‘droo.

{1 ® O

-

3. Phosohorus Imrlanted into p-Tyze 51C

-« e w . - e =

Phosphorus has been usad to create %—n junctions 1in
2-SiC. p-type SiC doped to a level of 10l /cxn® waz used
as a substrate, and two room-temperature imolants were. mace
with 5 x 1014/cm? at 145 xev and 1 x 1014/cm? at 50 kev.
This crystal was not etched tefore implantatiocn, and dis-
tinction between the silicon and carbon faces was not made.
The calculated doping profile places two regigns with peax
concentrations of 2.7 x lOlg/cm3 and 5.5 x 1019/cm at
0.04 um and 0.12 pum, resgectively, with the p-n junctions
about 0.18 um beneath the surface.

Following implant and osrior to annzal, the sheet re-
sistivity is measured to be cn the order of 2.x% 10° t/0.
This measurement was possible only at currents < 1 :vA, and
contact noise prevented any Eall measurement. Annealing at
1000°C ané 1200°C made no sicnificant change, but Hall mea-
surements were possible after a 2 min anneal at 1400°C. The
implanted_layer is confirmed to be n-type, with 1.5 x 10
donors/cm?, having a mobility of 15 cmé/V-sec and a sheet
resistivity of 2.6 x 103 2/a.

cC. Antimony-Implanted into p-Type 51C.
Singly-ionized antimory was implanted into p-type a-
SiC at room temperature. Implantaticn was carried out on

the side of the crystal which was more nearly a smooth,

plane surface. This has been presuned'td 'be!chpe 's1licon

face, but x-ray verification was not made. The carrier
concentration in the base material was. 1018/cm3’ aluminum

atoms. An antimony dose of 10 5 ions/cmé was implanted

with a 140 kV Sb beam alicgneé to within a 1/2° of the major
C-axis. The sample was aligred usingmtherpreton ‘vackscattering
technique, described in the appendix.“_Befqreﬂanneal the
implanted area was easily visible as a dark brown color.
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The range of a channeled ion :is exzectad tc be con- .
siderably greater than that of one whieh ztrikess the crystal
at a random angle. Some ions which strixs the channel will
eventually be dechanneled through interaczoon wiTh iattice
atoms, while others will strike the surfarze atcms. Tne icns
from these sourcss eventually cause an avcrphous ragion to
form, after which channeling ceases. In silicen, 2 dosa
of about 1014 antimony 1ons in a charnelszd dirsction will
cause the amorphous layer to form. . Most -of the ions.then

are implanted into the amorvhous laver.

If an amorphous range were assumeé for the implanted
ions (see Fig. 17), most of the implanted ions in -a-layer
would be expected to be centered about a depth of 400 & 1n
the material. If all were electrically active this would
give an average peak carrier concentraticn of 4 x 1047/cm
in the implanted layer. This value is cktained when one
assumes a gaussian distribution of the izplanted 1ons and
uses the data from Fig. 17 as indicated in Gibbons' paper
(Ref. 11). Calculation of the distribution of carriers
about the peak shows that the concentration will drop by
two orders of magnitude at a distance of 34R on each side
of the peak. This implies that the concentration of the
implanted carriers will drop to that of ¢the bulk material
at 100 2 and 700 & inside the material. 3ased on this esti-
mate, no buried junction is expected on-the surtace side
of the implant distribution. '

The implanted crystal was annealeé at temperatures up
to 1700°C. Anneals below 900°C were performed 1in a nitro-
gen atmosphere, but those at higher temperatures were done
in vacuum to help prevent oxidation. Electron drffraction
examination indicates that complete annealing has not occurred
in the temperature range used to date. Eowever, the anneal-
ing eliminated all the brown coloration caused by the implau-
tation. The color tightened with each arneal.step from 500°C
to 1000°C, and was not easily seen after l1eating to 1000°C.
The implant site could still be distihidisted  visually, but
only by observation with transmitted light under moderate
magnification. The implanted area is sl:zghtly grayer than
the untcuched crystal. LIl

The electrical characteristiésg TETHE irclant
also changed with annealing stages.. After anneal at 53¢
for 90 min the current measurad by the thermal probe was
fected by light from a :ungsten lamp as well as 2
iamp with emission lines at 2537 R, #358 %, and 54
Thermal probing of the implanted laver in the darx
detectable current. When the sample was -lluminate
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probes on the antizonv-imolan tec layer rzsvondad as with =o-
type material., TWhsn the prokes were tlacad across the
boundary Detween the implanted and nen:itslanted aresas, the
resconse was similar tc that from a ©-n Cunction. <Current-
vcx-age measuremenzs 0f this juncticn. actteared to.Ze limikad
as & result of ver. high contac:t resistarnce. Tne samzlae did
not respcend to lign<t throuch & s:zlicon Zilter. Afz:zr 1500°C
annzal, the light ssansitivity was great zsnocuch tc ke detacts
on the diode current tracer uceé for V-I measurzments, al-
though the V-I measiurements thermsel ~2re - still coniact
limited. The ligh< response was ccnsistant with 2t of a
D-n juncticn, with the antimony laver 3servi: e donor

side.

An anneal at 1200°C serveé to establish a clzar p-n
junction response. Thermal prcbing (Ref. 20) across the
junction, with and without light, ané V== néracter’s+1cs of

a small anodized-etched mesa verified tn-,,

At annealinc stages below 1220°C, the conductiviiy of
the surface was observed to increase; however, the results
of resistivity measurements still exhibited such nonlinear
characteristics that they could not be correlatad. Hall
measurements on the layer were also ineffectual. After
1200°C, a small dot was masked with Apiezon W wax and the
surrounding SiC was electroetched (Ref. 12). The implanted
surface did not "etch" {as etchinc 1s customarily described)
because the material was not removed, bu:t was merelv made
to undergo some not-yet-describeé& transformation arnd color
change.

Figure 24 shows the V-1 characteristics of this iso-
lated dot using alloyed aluminum-silicon eutectic dots as
a bulk contact. The portions of the curves in vhich [ ¢« V
are susvected to be caused by the electrcetched Si1C remain-
ing around the diode mesa. The raverse-biased, C-V measure-
ments showed a constant capacitance of 4.7 x 103 pr/cmz to
50 V bras when measured with a Bconton 73a-S8 capacitance
bridge at 100 kHz test frequency. ' The cavnacitance-frequency
behavior of the diode at 10 V reverse bias, taken on a
Boounton 73C bridge, 1s shown 1in Fig. .25{a).

The constant capacitance with increasing reverse bias
and the decrease 1n capacitance thu‘lncrea51ng frequency
indicate the presence of deep traps and an i ragion between
the implanted regicn and the bulk material.{Ref. 5). This
i region can result from bombardment-cz sad defect centers
or vacancies diffusad from the radiation-damage layer, or
1t might possibly k=2 a region or:ginallv agrown in the
material. Grown lavers of differsept. resist:ivity are noct
unusual 1n S1C, but further annezling appears to support
Tthe assumption of an implant-cavsed regicn rather *Han a
grown region, since a grown regicn aho ld not be affected by
annealing.
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If the desp trap model is assumed,; a minimum i regiii
thickness of 4.6 um 1S obtained using the high frequency
capacitance value from Fig. 25(a). Using the deep trap macel,
the decrease in capacitance with increasing freguency cah
be explained as the inability of the traoping centers to
charge and discharge rapidly enough to follow the applied
signal at high frequencies. Trerefore, the capacitance at
high frequencies would be expected to level off at some low
valve. It is obvious that this condition has not vyet occurred,
as shown in Fig. 25 at 500 kHz, the highest frequency used in
these experiments; thus we can state that the i region thick-

ness is greater than 4.6 um,

Further annealing for a total of 8-1/2 min at the
same temperature caused the V-I characteristics of this dot
to degrade severely. In addition, thermal probes changed
their response slightly. The sample was then masked with
wax except for a small area. The electrolytic etch of the
unmasked surface restored the thermal probe characteristics
to those obtained before the second anneal at 1200°C. The
edge of the etched region indicated that a small amount of
material had been removed from the implanted surface. The
1200°C anneal appeared to have changed the surface slightly,
and etching removed the changed material.

Electrolytically etching a new mesa in the implanted
surface, in the manner described elsewhere in this report,
resulted in the removal of material from around the mesa.
Soldered indium-silver contacts then were made to bcth the
implanted surface and the bulk material and appeared to
serve as excellent ohmic contacts. The I-V characteristics
for this device are shown in Fig. 26. Note that the ohmic
region observed after the 2 min 1200°C anneal (Fig. 24)
does not appear to be present. The effect of illumiration
from a tungsten lamp on the reverse current 1s also shown.
Cc-V measurements show that the capacitance per square centil-
meter has risen to 5.1 X 103 pF at zero bias, but drops to
3.6 x 103 pF at 70 V reverse bias. The varaation of capaci-
tance with frequency (Fig. 25(b)) shows less drop in capacl-
tance with increasing frequency than before the anneal. These
changes indicate a decrease in the number of trapping cen-
ters, which were postulated as the cause of the 1 region dis-

cussed earlier.
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Hall measurement of a clover-shaped area etched on
~he surface gave a p—-type response. The isolation of the
z-n junction around the Hall mesa was not adequate to pre-

7ent the bulk carriers from swamping those in the implanted
region.

Examination of this antimony-implanted sample using
the scanning electron microscope showed that the surface
and etched boundaries did not exhibit good collection of
electron beam induced current. For most semiconductor sur-
faces, the electron beam generally induces considerably more
current when it is incident on the exposed edge of a p-n
region; however, this sample gave no greater signal there
than over the rest of the surface. I+ is assumed that this
insensitivity was caused by a combination of the anodizing
effect of the etch at the edges and the partially decomposed
surface mentioned earlier.

The greater penetration of the implanted ions which
is afforded by the channeling process was demonstrated when
a small region of the sample responded to the EBI current.
This was a region near some small crystals growing out of
the surface. The area of enhanced collection was not physi-
cally identifiable except through the EBI current examina-
tion. Figure 27 shows a portion of this area. Both photo-
graphs are at 2000x magnifications. Figure 27 (a) shows the
surface as "seen" by secondary electron emission, which re-
veals all surface structure. The white region in this
photograph is a very thin film left by some electrolytic
etching of the p-type bulx. Figure 27(b) is the EBI current
mode and clearly delineates the responsivz ragion. The
growth step in the crystal serves as one boundarv, but the
other boundary is unexplained. The indications are that this
area is a crystallite which is not aligned with the large
area and hence is not aligned with the implanting ion beam.
The irterpretation is then that this area has a shallow im-
planted region which would respond better to EBI current
measurement.

To determine the actual implant depth, a 3° angle sec-
tion was lapped on an edge of this sample. This effectively
magnifies the minimum measurable distance to 1.3 um. This
Aistance is not easily measured optically, but it should be
detectable and is well within the range of the SEM. How-
ever, the antimony-implanted surface, annealed to only 1200°C
at the time of the first study, served as a poocr collector
of electron beam induced current and could not be examined
then by the SEM.
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Since the electrolytic etching of SiC is effective
only on p-type material, junction delineation was expected
when the angle-lapped portion was etched. Preferential etch-
ing was present, but therec was no "lip" on the n-region to
suggest penetration into the bulk material. The SiC etched
to the edge of the lapped region. It is pcssible that the
wias used in tne etching process caused sufficient injesction
to "wash out" the resistance of the junction area to the
etclhiing process. Low-bias etches were attempted, but they
failed because the work-damaged lapped surface was unexpected-
ly resistant to the etch.

After a 1400°C anneal, the lapped surface etched at
a low bias, but still there was no indication of any depth
to the junction. Re-examination by the SEM using a wide
range of beam voltages and angles of incidence has developed
considerable detail in the structure of the sample, as seen
in Figs. 28 and 29.*

Figure 28 shows a portion of the antimony-implanted
surface after it has been electrolytically etched and an-
nealed at 1400°C. The beam energy of the SEM is 20 kV.
Figure 28(a) shows the surface by secondary electron emis-
sion. Various smaller holes in the donor layer are denoted
only by the dark shadows of small spaces that were either
etched into the S$iC or originally in the p-type bulk be-
neath the surface. The antimony-implanted layer strongly re-
sisted the etch. A beam voltage of 5 kV showed no evidence
of these spots because it did not penetrate sufficiently.
The larger holes have lost the donor layer cover because of
its fracture, although traces of it can still be seen at
the edges.

Figure 28(b) shows the same area as it responds to
ERI current. An explanation of the "ringed" response 1n
Fig. 28(b) is suggested in the information contained in
Fig. 29(b). Figure 29 is a SEM micrograph of the side of
an etched pit in the SiC. Figure 29(a) shows the secondary
electron emission, and Fig. 29 (b} the EBI current. Figure
29 (b) shows considerable {aminar structure to appreciable

We are indeb ed to E. Wolf for his work with the scanning
electron microscope in obtaining these pictures.
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in the first 1S . of
r ~o ra23uit from holes
wn lavers in the crvszal
ncglv chan deoes the

o result Irom low life-
time and mobilitv vzlues in the 2 avilv-implanted laver, bdut
“further study will bpe regquirsd to confirm this. The too-
most laver shcown in Fig. 29 does not have smooth, etched
edges but shows -dissinct conchoidal fracture lines. This
appears to be the implanted n-type region which did not etch,
but which broke away from the crystal when the supporting bulk
was removed. The thickness of this n-tvpe laver is approxi-
mately 1 zm. It is not understood why a layer of this thick-
ness was not observed in the angle secticning measurement.
— The laminar szructure beneath the surface has all ecched
smoothly and appears to contain no n-tvpe layers or layers
of greatly differing resistivity. The individual layers in
the crvstal appear to be grown regions and are of no assis-
tance in understanding the physics of ion implantation. How-
ever, there is no evidence that they unduly complicate tte
junction effect. In future samples they will be eliminated
whenever possible by the use of proper suxface preparation.

de-chs, about thirty distinct lave
de~t~. Th=2 rings in Fig. 28(b}-&p
of Lifferinc depths. Some of he
respcnd 2 EBI current muca more s
implanted region. This is thought
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. The V-I characteristics of an etched mesa are simi-
- lar to those obtained after lower temperature anneals.
- Figure 30 shows_a'V—I"characteristic after 1400°C anneal.
When about % mA current is passed in the forward direction,
— this mesa provides a yellow glow; under reverse bias at the
same current, a greenish glow results.

After this sample was annealed at 1600°C in vacuum
for 2 min, some surface decomposition had taken nlace; 1.e.,
all surfaces of the sample showed ar increase 1in conductivity-
All etched mesas which' were previously electricaily 1soiated
were effectively shorted to the bulk, and re-etching was
necessary. hfter re-etching, the V-1 characteristics were
much the same ‘as beéfor: the higher temperature anneal, but
the forward resistande ‘'of the diode had decreased. 1Mea-
surements of the diode I-V characteristics at 23° and 100°C
reveal little difference in the behavior of the device At
the two temperatures.

fa

Sheet resistivity measurenents on the implanted layer
indicate that the sheet resistivity hacd dropped to 12 kl/o.
Hall voltages could not be cbserved, even -hough the Hall
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agiipment was mod: fied in an effort to increase the sansi-
tivity of the measuremant. Values of the Hall ccefficient
are necessary to determine the sheet concentcation Ng and

" the Hall mobility uy. These parameters are particularly

irscrtant for the analysis of the antimony-implanted layers
because this impurity has never (to our knowledge) be2n 1nIIc-
dused and studied as a dopant in SiC.

In an effort to obtain Hall measurements, the sampi=
was annealed at 1700°C in vacuum for 2 min. This heat tre.t-
ment resulted in only a slightly Jeconpesed layer: hcwever,
Hall measurements were still not possible, apparently be-
cause of the high sheet resistivity and the difficulty of
raking low-noise contacts to the sample.

v-I measurements of a diode etched into the Sb-implanted

surface after the 1700°C anneal show that the reverse
preakdown characteristic is controlled by a large number of
"hlue spots" (Refs. 15, 17, 18) or avalanche breakdown re-
gions. Injection luminescence is obtained under forward
bias, but the surface sheet resistivity limits the lumines-
cence to the immediate vicinity cf the electrical probe
contact.

D. Acceptor Specin~s Implants

1. Aluminum implanted into n-type sic. — The
efforts to verify acceptor action of ion-implanted aluminum
have continued, using B-SiC cbtained from Stanford Research
Institute which was reported to have residual nitrogen dop-
ing to a level of 5 x 10 7/cm3. The crystals have flat sur-
faces, a result of the growth process. One face was im-
planted with antimony in the spark-gap machine at 500°C to in-
sure ohmic contact to the bulk (Ref. 14).

Aluminum ions prepared by a surface ionization source
were implanted into_the opposite face at 25 kv for a total
dose of 1015 ion/cmz. Distinction between the silicon and
carbon faces was not obtained. Work with silicon has shown
that at a given anneal temperature the percentage of electri-
cally active carriers is greater for implantation at room
temperature than for implantation at higher temperatures.
Therefore, the aluminum was implanted at room temperature.
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In order that the implanted laver on ==& small crystal
might be examined without heating or alloyinc steps, gold
dots were evaporated on the implanted and ncnirplanted sur-
faces, and C-V and I-V measurements were mads zZ the surface
barriers in an attempt to establish tie effec= of the alumi-
num implant cn the SiC. It was observed cha:z the C-V

curves changed with time for any gold dot invsstigated, pos-
sibly as a result of a change in the surface states of the
material. There was no evidence that the dots served as a
contact to a p-type layer. While the electrical character-
istics of the surface barriers on both areas changed, those
on the nonimplanted surface showed significantly more change.
However, meaningful interpretation of these changes is not
possible at present. This sample was examined after implanta-
tion, after 850°C anneal, and after 1000°C azzeal. The
measurements were all self-consistent, but ncze of them gave
any positive indication of a p-type layer in the aluminum
implanted region.

Thermal probe measurements after the 1900°C anneal
indicated only that the aluminum implant regicn was less
n-type than the nonimplanted region. There was no indica-
tion of a junction photovoltage in response to ultraviclet
light. Higher temperature anneal studies arz required on
these implants.

Aluminum has been implanted into the 31lic$n face of
a pirece of nitrogen-doped a-SiC with about 3 x 10 8 carriers/
cm3. Doses of 1013/cm? at 90 keV and 1015/2 at 40 keV

were i1mplanted. Assuming that predictions based on an amor-
phous substrate can be applied, the average peak concentra-
tion 1s expected to be 2 x 1020 with a junction at 0.16 vm
beneath the surface. The SiC was cleaned thorouchly with
acid prior to implantation, but no mechanical polishing o1

ki gh-temperature e’ ~hes were performed to remove the high-
resistivity n-type layer which may exist in zais type of
material.

The implanted region was considerably darker than
nonimplanted parts. Angle sectioning without annealing shos- <
that :he brown stain did not penetrate deteczzbly 1nts the
crystal. Thermal probing was inconclusive. Annealing the
sample at 1000, 1400, and 1600°C for 2 min periods did not
significantly alter the electrical behavior =f the impianted
iayver. YNo response to thermal probing was ctserved, nor
were any signs of junction behavior discoverzd by either

(o))
(W]}







I-V measurements through the layer o¥ by pvhectoresponse. An-
nealing in vacuum at higher temperature was not attempted
hecause the S:1C decomposes.

2. Boron implanted into n-type siC. — A plece
of n-type 2=SiC doped with 1 to 3 x 1018 nitrogen atoms/cm
was implanted with boron into the Si face at room temperature.
A double implant was made with 10 5/cm2 at 80 kevV and 1014/
cm2 at 29 kev. This should give two overlapping regions of
ion concentration extending almost 0.3 um into the crystal.
The peak carrier concentration in the regions 1is Yredicted
to be 3 X 1019/cm3 for the 20 keV ions and 9 X 10 9/cm3 for
the 80 keV ions. These figures are based on the assumption
of an amorphous substrate, and may pe modified by the crystal-

linity of the sample.

) The crystal surface was acid cleaned prior to implan-
tation, but no attempt was made to remove any surface layers.
After implantation, but prior to anneal, the thermal probe
showed no definitive response, and gold point contacts on
the implanted surface showed characteristics of back-to-back
surface barriers.

Annealing the sample at 1000°C for 2 min in a vacuum
of 10-7 Torr made no detectable change 1in the implanted layer.
Annealing the sample at 1400°C for 2 min in a vacuum 10-7 Torr
changed the measured characteristics of the implanted layer.
mlectrical probing showed a nonlinear I-V behavior, indicating
that a p-n junction existed across the implanted—nonimplanted
interface. Ultraviolet light excited a photocurrent of
10 pA with a polarity which supports the existence of the
expected p-n junction. A linear resistance of 67 k{ occurred
between gold points 0.25 mm apart on the implanted surface.
By contrast, the same arrangement on the nonimplanted side
exhibits only 910 Q.

Soldered indium silver contacts were applied to the
periphery of the implanted layer and exhibited little noise
during Hall measuremert. The Hall effect and sheet resls-
tivity measurements were indicative of the bulk material and
not of the implanted layer. This is to be expected when
the p-n junction does not sufficiently isolate the implanted
layer from the bulk, as was the case for this sample.

- The sample was then annealed at 18n00°C for 2 min at
10”7 Torr. Considerabile Jecomposition of the S8iC surface

was observed, and the sample had a black coating on it when
it was removed from the furnace. This coating was loose and
could be scraped off easily; it was remcved by heating in air
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to 600°C. After this +treatment, there were no indications
of an implanted laver. Extrapolation of the data given =V
Shaffer (Ref. 21) indicates that as much as 0.8 .m of the
crvstal surface may have been lost at this temperature and
pressure. This crystal was heated at 1000°C in dry cxvgen =l
oxidize and clean the distressed surface. Boron was then
again implanted into the silicon surface of this sample at
room temperature, as described above. The implanted layer
did not respond as p-type to the hot probe, either before cr
after the sample was annealed in vacuum at 1600°C for 2 mia.
This is to be expected, since boron in SiC 1s a rather deez
level acceptor with activation energies of about 0.4, 0.5,
and 0.6 eV (Ref. 22).

An area of the surface of the implant was masked and
the surface was electrolytically etched to form a mesa Struc-
ture. Current-voltage measurements on this device .xrevealed
the presence of a p—n junction with a soft breakdown in the
reverse bias direction. The rectification characteristics
were proper for the bcron layer behaving as p-type. How-
ever, these characteristics were not dependable and repro-
ducible. It is possible that the rectification resulted
from surface conditions rather than an implanted layer. Hal:
measurements and photovoltage measurements have not confirmes
the existence of a p-type region.

e have attempted to make p-type a=S1C by implantirg
aluminum, boron, and gallium, with no positive success to
date. Kal'nin, et gi. (Ref. 23), and Maslakovets, et al.
(Ref. 24), have reported that beryllium in SiC forms deep
acceptor levels and is an activator for red luminescence.

A source for the spark-gap machine was fabricated using
sheet beryllium contacts and a carbon_vibrator to foQrm the
arc. A sample of n-type, a-SiC of 1018 carriers/cm’ was
then given a room temperature implant at 5 kV. The dose
delivered by this machine is undetermined, but the darken-
ing of the substrate was considerably less than that causes
by the antimony implant discussed earlier. The calculatec
range of beryllium in siC is 200 &, with a range straggling
of 76 A for the ion energy used in an amorphous substrate.

wWith reflected light, the implanted surface had a
slight metallic color, and lengthy soaking in aqua regla
did not change this. Anneal in vacuum at 800°C removed tils
metallic luster under reflected light, but transmitted light
sti1ll c¢learly showed the implanted region.







Thermal probing before and after the anneal did ncrt
clearsly indicate a conductivity type; perhaps even less sig-
nal was obtained after the anneal. Electrical preobing 1in
either case showed point contact rectification.

However, a vacuuam anneal at 1000°C changed the sur-
face which had been implanted with beryllium to reduce the
barrier height to point contacts. The V-1 trace between
two points on the implanted surface showed ohmic conduction
at the origin, while points on the nonimplanted areas showed
rectification. The thermal probe gave distinct but weak p-
type responses at some small areas of the implanted region.
There were no other indications of a p-n junction in the
material, however.

Another anneal in wvacuum, at 1200°C, lightened the
implanted region so that it could not be seen in .transmitted
light. The thermal probe revealed a weak but reproducible
n-type on the implanted surface, while the nonimplanted re-
gion gave no type indication. Probes still made ohmic contact
to the implanted region but not to the rest of the sample,
and the resistance between probes fell to about half the re-
sistance seen after the 1000°C anneal. There was no lumines-
cence observed for the condition of forward bias of a junc-
tion. Solder dots made satisfactorv contacts to permit Hall
measurements, but no Hall voltage was detected for the most
sensitive condition.

The net result of the various acceptor-species 1m-
plants has been the creation of high resistivity regions
rather than p-type regions. We have not yet explained the
failure of elements to act as acceptors when implanted into
the crystal, when these same elements are known to act as
acceptors in silicon carbide when assimilated into the
crystal duriag growth or diffusion.

E. Equipment and Methods

The implants discussed in this report were per formed
in implantation systems built by Hughes Research Laboratories,
with one of the systems designed for ion channeling in
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crystals. The channeling system and alignment techniques

are discussed in the appendix. (Silicon is the material usea
in this appendix to deccribe the alignment technique used £fc¢r
3iC.*)

After the impurities are implanted into the 5iC pireces,
it 1s necessary to make the ions electrically active. Work
with implanted silicon (Ref. 25) has shown that, for a given
implanted dose, more electrical carriers are available after
low temperature implant and high temperature anneal than with
a straightforward high temperature implant.

The samples described in this study have been an-
nealed in a nitrogen atnosphere at temperatures up to, and
including, 1000°C, and in wvacuum from 800°C to 1700°C. Ervin
(Ref. 26) has shown that for the annealing times used here,
SiC has negligible oxidation in oxygen below 1000°C and in a
vacuum of 10—> Torr or better at temperatures up to 1600°C.
The temperature of the samples in the vacuum furnace has
been measured using optical pyrometers. No allowances have
been made for the variation in sample size or possible emissiv-—
ity changes, and the actual sample temperatures may have
been as much as 100°C higher than those recorded.

In order to study p-n junction I-V characteristics,
the SiC has beern electrolytically mesa-etched (Ref. 12). This
method is effective only on p-type SiC or on thin layers of
n-type material where a hole current must be maintained by
injection. While this is not an optimum process, it has
been adequate for sufficiently well-annealed material.

Electrical contacts to both the bulk SiC and to im-
planted layers have been made with soldered indium-silver.
Alloyed dots of aluminum-silicon eutectic have been used as
contacts to the p-type bulk; however, when only reverse-
biased junction characteristics were being studied, these
alloys were not considered worth the added heat. cycle re—
quired to reapply contacts after each annealing step. The
electrical measurements on the implanted layers have been
made at temperatures from room temperature to 400°C. When
Al-Si alloy was not used for contacts, simple pressure
contacts were used at the higher temperatures; these con-—
sisted of a gold probe on the implanted region and a carbon
plate on the bulk.

*We wish to thank Dr. R. Hart for this description and for
performing the aligned implants.
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F. Chemical Treatments

In all of our implantation work, activaticn of the
implanted carriers has required annealing cf the damaged
crystal. Some temperatures which appear to be required for
5iC are sufficient to cause the surfaces cf the crystal to
undergo changes.

Ervin (Ref. 26) has reported oxidation of SiC in air
at temperatures as low as 900°C, with a resultant oxide
coating on the crystal. He has also reported that heating 1in
vacua with pressures as low as 102 Torr results in the
formation of volatile oxides and etching of the crystal.
vVacuum heating above 1400°C was sufficient to cause reaction
with the residual gas in the chamber if the pressure was as
high as 103 Torr; 1400°C is within the temperature range
required for adequate annealing of the implanted SiC.

To protect the SiC surface from exposure to the resid-
ual gases, the application of Si0, and/or Al,;03 films has
been considered. The temperatures required have not seemed
conducive to the use of SiO;, and Ervin reported that a
glassy coating (in his experiments, soda g¢lasses were used)
3did not slow the oxidation rate; thus we have not experi-
mented with SiOj.

Imai (Ref. 27) has reported making aluminum-doped tun-
nel diodes in SiC using an Al,03 source. Because of the
limited SiC supply on hand, we will not attempt to protect
an SiC surface with Al;C3 until other methods have proved
ineffective.

A procedure used successfully in the heat treatment
of GaAs (Ref. 1) and other volatile crystals has been tried
for SiC. 1In the case of a volatile crystal, it has been
shown that the restricted volume maintains an adequate over-
pressure to prevent boil-off of the compound. SiC is not
considered a volatile crystal, and its Jecomposition mechan-
ism is different. Two crystals were heated to 1700°C in a
face-to-face situation, nne on top of the other, in a vacuum
of 5 x 10‘6 Torr; it was anticipated that the restricted flow
of residual gas in the confined space between the crystals
would prevent the formation of vclatile oxides. The top SiC
crystal on the heater strip {which was at a slightly lower
temperature) collected some small spheres on its surface,
and the bottom piece showed evidence of decomposition. The
small spheres d&issolved in a hydrofluoric acid-based etch and
were apparently silicon or silicon dioxide. Obviously the






face-to-face process did not work in this case, althcuah -~
is possible that some protection could be cbtained 1f the
faces were polished and the surfaces mated closely togeth=y.

An alternative to vacuum processing 1S the use of an
inert atmosphere. This should prevent such rap:id owidaticn
of the surface by dilution, if by no other methcd. Harris
et al. (Ref. 28), has shown that SiC annealed in an inert
atmosphere is very sensitive to trace gases adsorbed on the
furnace parts. This observation, coupled with inspection cf
the low partial pressure of oxygen shown to result in SiC
decomposition, jndicates that there would be little advantage
to using inert gas as 2 high temperature annealing atmosphere.

Another method of protecting the implanted surface 1is
to bury the implanted layer sufficiently deeply in the SiC
that the required annealing will remove enough SiC to
expose the implant. This situation is not flexible because
it would prevent proper measurement of the implrnt during
a series of anneal temperatures; however, it would appear
to be a workable procedure. In this process it would be
essential that the decomposed surface not be a degenerate,
conductive surface which would short out the implanted
characteristics. If this occurred, controlled etching would
be required:; ~his is feasible, but it has its own set of
difficulties.

To determine a material loss rate, a series of crgstals
were weighed, heated to 1700°C for 2 to 4 mip at 5 x 107
Torr, and reweighed to inspect for weight loss. The balance
used was the Cahn model M-10 electrobalance with 1 ug sensi-
tivity. This sensitivity was insufficient to detect any
weight loss for the examined crystals, presumzbly since the
surface-volume ratio was quite small for the available crystals.

Observations made during the experiments are not re-
assuring. One of the heated crystals developed a distinct
carbon coating which can be removed only by mecnanical
means or by burning in an oxygen-filled furnace. Another
crystal of the same batch, processed in the same way.,
showed no such soft coating, although 1t d1d darken slightly.
Other crystals showed neither of these conditions. NO
clear pattexrn was discernible in these results.

A method of maintaining a given gsurface on a crystal,
which is freguently used by crystal growers and those en—
gaged in gaseous diffusion processes, seems irappliceble
here. This process requires the use of excess amounts c£
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the volatile constituents and controlling chamber temd
ture gradients in order to create thermal szuilibrium €
the crystal being treated. This can curta-l the S1C cecompo-
sition and protect a buried implanted layer. Hcwever, be-
cause thermal eguilibrium actually involves the exchange of
atoms between the crystal and atmosphere, it is cuestinnable
whether an implanted layer on the surface could te maintained

in such a situation. e . .
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While surface decomposition has beern detected at
temperatures as low as 1400°C, the rate of decomposition is
such that there has been negligible effect on the implanted
layer at temperatures pelow 1700°C. Although the surface
charges are slight, they have affected the p-n junction mea-
surements. The decomposed layers crossing a p-n junction
have served as shunt resistors across the junction. To re-
move this shunting resistance, and to form a limited-area
device for study., electrolytic etching has been used exclusive-
ly. This procedure is described thoroughly in the literature
(Ref. 12), and only an observation will be noted here.

The response of an jon-implanted surface to electro-
lytic etching appears to vary with the degree of annealing.
It also has been observed to be affected by damage contained
in a lapped surface; thus it is assumed to result from im-
plant damage. For surfaces with considerable residual
damage, electroetching may not remove sic, but it will alter
its form. The "etched" siC becomes porous and may be soft
enough to scrape with metal tools, but it is not scluble in
acids and remains on the crystal. This porous material has
fairly high resistivity and shunts the p-n junction charac-
teristics in order to impose an ohmic character:stic (see
Fig. 24). Heating this porous material, as in. ahigher
temperature anneal, will allow it to be etched away. After
an undetermined degree of crystallinity has been ‘rec¢overed,
the electroetch forms soluble products which 'are removed -
entirely, and there is no interference with the!junction
measurements . oo T

72






10.

11.

12.

13.

14.

REFERENCES

Hunsperger, R.G., Dunlap, H.L., ard Marsh, 0.J.:
"Development of Ion Implantatious Techniques for

Microelectronics,” Annual Report, Contract No.
NAS 12-124, Hughes Research Laboratories, October
1968. e e e

The SEM technique of damage study is described by
E. Wolf: Appl. Phys. Letters, Vol. 14, 1969, p. 299.

shih, K., Allen, J., and Pearson, G.: J. Phys. Chem.
Solids, Vol. 29, 1968, p. 379. '

sze, S., and Gibbons, J.: Appl. Phys. Letters, vol.
g, 1966, p. 11l1.

Hunsperger, R., Marsh, 0., and Mead, C.: appl. Phys.
,etters, Vol. 13, 1968, pp- 295-297.

Geldstein, B.: Compound Semiconductors. Vol. 1,
Willardson, R., and Goering, H., eds., Reinhold (New
York), 1962, p. 347. )

Pearson, G., and Harris, J.: accepted for publication
in J. Appl. Phys. e

Kressel, H., Dunse, J., Neison, H., and Hawrylo, F.:
J. Appl. Phys. Vol. 39, 1968, p 2006-2011.

Queisser, H., and Fuller, C.: J. Appl. Pays., Vol.
37, 1966, pp. 4895-4899. R
Wwilliams, E., and Blacknall, D.:'Trénﬁ};ﬂq;}’Sbc. AIME,
Vol. 239, 1967, pp. 387-394. AR

cibbons, J.F.: Proc. IEEE, Vol. 56, 1968, p. 295.

Jennings, V.J.: Mat. Res. Bull.; Q&i;?i;:1969,
p. S199. ST

vomaiow ovivtT

Kamath, G.S.: Mat. Res. Bull., Vol. 4, 1969, p. SS57.

Hunsperger, R.G., Dunlap, H.L., and Marsh, 0.J.:
"Development of Ion Implantatioanechniques for
Microelectronics," Annual Report, Contract No.
NAS 12-124, Hughes Research Laboratories, October
1967.

73






I G

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Greebe, C.A.A.J.: phillips Res. Rept.; Suppl. Ho. L.
1963. T

Sah, C.T., Novce, R.N., and Schockley, W.: Prcc. TFE
vol. 45, 1957, p- 1228.

Brander, R.W., and Sutton, R.P.: Brit. J. Appl. Phys.
vol. 2, 1969, p- 309.

- .-

patrick, L.: J. Appl. Phys., Vol. 28, 1957, p. 765.

Mayer, J.W., Mareh, O0.J.., shifrin, G.A., and Baron
R.: Can. J. Phys., vol. 45, 1967, p- 4073.

Dunlap, W.C.: Gen. Elec. Rev., February 1949.

shaffer, P.T.B.: Mat. Res. Bull., vol. 4, 1969,
p. S97. :

Pavlichenko and Ryzhikov: Fiz. Tverd. Tela., vol. 1¢,
1968, p. 3737. ,

Kal'nin, A.A., Tairov, Yu. M., and Yas'kov, -.A.:
Soviet Phys. — golid State, Vol. 8, 1966, p- 755.

Mas iakovets, Yu. P., Mokhov, E.N., Vadakov, Yu. A.,
and Lomakina, G.A.: Fiz. Tverd. Tela., Vol. 10, 1968.
p. 809.

Marsh, 0.J., et al.: "fon Implantation Doping Tech-
niques," Air Force Avionics Laboratories Report
AFAL-TR-68-281, Hughes Research Laborator:es; October
1968. R

Ervin, G., Jr.: J. Am. Ceram.,SQc,,,Vol.“rl, 11958,
p. 347. . e

Imai, A.: OYO Butsuri, Vol. 37, 1968, p.. 450.

Harris, J.M., et al.: "Etching Characteristics of
Silicon Carbide 1in Hydrogen," presented at Electzo-
chemical Society Meeting, Boston, Mass., May 1968.

74 -y owE o






ul

%
!
i
| ——

APPENDIX

A Ion Channeling Rescarch System

For the investigation of fon channeling, a system was designed
and puilt to meet the fullowing requirements:

1. Ien source capable of producing any ion of
column 11T or column V of the periodic table

Monoenergetic ions with energy variable up

Z.
to 160 keV

3. 7 VMass-sjéi)’arated beam

4.  Beam divergence less than 0.1°

5. Alignment of the appropriate crystallographic
axis of the target crystal with the beam to less
than 0.1 .

The c;)mplctcd system is shown in Figs. A-1 and A-2.

. The-ion saurce is a Nielsen type {Danfysik) electron bombard-
ment sorce. A 40-mil tungsten filament is utilized both for electron
emission and as an internal heater. The filament power is sufficiently
high (400 W) to heaat the discharge chamber to 1000°C. The hot discharge
chamber prevents recondensation of the charge material which is sub-
limed in a separate oven crucible assembly adjacent to the chamber.
Gascous charge materials are fed directly into the discharge chamber
through a variable leak.

The necessary power supplies for operating the icn source are
powered from a 5 kVA, 160 kV isolation transformer and floated at the
source potential which is established by a 0 to 160 kV power supply.
The iba biddmi ‘i dktracted by an open cylindrical extractor for efficient
vacuum pumping of the source region. The beain ; : then focused and
accelerated to ground potential through a constan. = radient acceleration

tube.

The beam is mass separated by 152 deflection through a 6 in.
diameter electromagnet and collimated to 0.1° by two 0.5 cm diameter
apertures spaced 3 m apart. The diameter of the apertures can be
readily varied irom 1.5 mum to 1 cm if greater or less beam divergence
is'desired. At the target. which is located 3.5 m from the magnet,

1 amu between mass peaks corresponds to a 2 cm separation for masses
around phosphorus (mass 31) and 0. 3 ¢m separation for masses around

antimony (mass 122).
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Fig. A-1. lon channeling research system.
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Fig. A-2. Ion channeling research system.

System Characte ristics:

lon species: essentially any in periodic table; em-
) Y :
ploys a Danfysik ioa source

~ Ion energy: 3 to 160 keV

" Pumping: lon pumps at target; trapped diffusign
e pumps and cryowall at source ~1¢0°' Torr

Beam current: 1 to 100 pA

Mass separation: magnetic

Beam scanning: none

Beam collimation and beam-substrate alignment:

e e 0.1 degree; alignment by Rutherford scamering of

protons.
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Vacuum pumpi
cryogenically baffled,

ng of the system is provided bva 1500 liter, sec,
diffusion pump at the acceleration tube and by

two 200 liter /sec ion pumps, one located at the collimator drift tube

and the other at the ta
the target by diffusion
drift tube section befo

rget chamber. Hydrocarbon contamination of
pump oil vapor is reduced by a cryotrap in the
re the target chamber. The pressure in the

target chamber during implantation is typically 1 x 107 Torr.

F— o .

o _W_Tvb_e system ha
beams of HY, He', an

s been aligned and tested with up to 160 keV ion
d Sbt. Greatur than 1 pA of current of each

ion species was delivered to the target. Each ion beam was readily

focused to a 3 mm dia

meter circular spot. The Sbt beam gave two

spots separated by 1 cm, corresponding to 121gh* and 1235p*. The
observed separation is in agreement with the calculated value.

Target crystal alignment to less than 0. 1° with the beam axis

is accomplished using

proton backscatte ring techniques. The protons

are produced by introducing hydrogen gas into the ion source so that
the proton beam and heavy ion beam are collimated identically. The
backscatterec protons are detected by a semiconductor nuclear parti-
cle detector, and the necessary rotational degrees of freedom of the
target are provided by a goniometer driven by stepping motors.

. . The goniometer is illustrated in Figs. A-3 and A-4. With this
instrument the orientation of the crystal sample can be adjusted through
a stepping motor drive system controllable from outside the vacuum
system. Three independent angular orientations are available. A tilt
angle 9 abouta vertical axis through the target face is introduced
through the large horizontal gear which can be seen in the photograph.
Rotation in azimuth about a horizontal axis is introduced through the

vertical disk to which
situ by means of the t
of the third independe

©»+-  The use of ste

., ble operation of this i

-display angular positi

- -~ of up to a maximum 0
" "speed ranges and two

:eéntire rotation axes ¢

the crystal is attached. The disk is adjusted in
hree peripheral screws to permit the introduction
nt angular displacement.

pping motor drive throughout permits highly flexi-
nstrument. Counters, driven by slave motors,

on to within 0.02°. Stepping rate for the motors

f 80/sec is controllable by the operator in eight
directions. At the maximum stepping rate the

an be traversed in about 4.5 min. The speed is

v _controlled electrically by means of an oscillator which drives a flip-

" flop, which in turn dr

ives a commercial pulsing circuit designed to

operate with the stepping motors. The front plate to which the crystal
is attached with fine spring clips is removable, so that changing
© “crystals involves only minimum disturbance to the goniometer.
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B. ‘Crystal Alignment

The study of ion channeling in crystalline targets requires
accurate alignment (less than 0.1 ) of a major crystallographic axis
of the crystal with the ion beam. In order to accomplish this aliun-
ment, it 1s necessary to determine the angle between the beam and
the crystal axis; 1.€., the 0, # coordinates of the axis with respect

16 the beam. At these settings of 0 and ¢, the beam is then aligned
with the crystal axis.

'The technique for determining the coordinates of the crystal
axis is based on the measurement of the decrease in backscattered
proton yield as the major crystal planes are rotated through a proton
beam.  For detection of the backscattered protons, a surface barrier
detector (15 keV FWHM) is located about 10 cm from the goniomecter
face, as shown in Fig. A-4. The pulses from the detector arce first
amplified and then discriminated to remove low energy pulses. They
are then counted by a count rate meter whose output is monitored by a
strip chart recorder. A 400 channel analyzer in parallel with the count
rate meter gives the energy spectrum of the backscattered protons.

The backscattered Xield as a function of azimuthal angle 4 at
constant tilt angle 0 = 3.5 1is shown in Fig. A-5 for 140 keV protons
incident on the {111} face of a silicon crystal. The discriminator is
adjusted to permit only protons scattered near the surface to be counted.
Distinct dips or decreases are observed whenever a major crystal
plane is rotated through the beam. The most pronounced dips (~3-1)
correspond tc {110} planes, and the smaller dips correspond to {112}
planes.

A polar coordinate plot showing the {110} planes is given in
Fig. A-6; the intersection of these planes locates the <111> axis w~ith
respect to the center of rotation, which is aligned with the beam axis.
In this case the coordinates of the <111> axis are g : 270, 6 0 9.
At theseé settings the beam is aligned with the <11 1> axis to less than
" 0.1%. However, in order to tilt through the <111> at various valucs
of 4, the front face of the goniometer is adjusted in situ lo bring the
< 111> axis into coincidence with the center of rotation. The dashed
lines in Fig. A-6 represent the adjusted positions of the {110} planes,

©::ghowing that the <111> is at the center of rotation and thus aligned
.+ .with the beam at 0 =0 for any value of

.;"J.\«'. Anderson, J.A. Davies, and K.O. Nielsen, Nucl. Instr. Mcthods

;w38 210 (1965)
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A-3.

Crystal goniometer constructed for
ase with the channeling apparatus.
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Sehematic of scattering assembly used for

Fig., A-+.
hackscattering analysis and alignment of the

tarpet crystal.
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ig~ ‘A-5. Scattering yield as a function of ¢ at constant 9 = 3.5° for
140 keV protons incident on the {111} face of silicon. The
major planar dips are indicated.
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270°

Fig. A-6.

¢ £1061-5

/
/ AXIS OF
/ ROTATION

{1o}

180°

Polar coordinate plot of the data inFig. A-5showing
the {110} planes (solid lines). The intersection of
the planes determines the coordinates of the * 711177
direction (g = 270°, 0 - 0.9%). The dotted lines
represcnt adjusted positions of the {110) planes
showing that the <111™> is at the center of rotation

0.
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