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To obtain highly conductive buried layers in InP:Fe, MeV energy Si, S, and Sv/
Simplantations are performed at 200°C. The silicon and sulfer implants gave 85
and 100 percent activation, respectively, for a fluence of 8 x 10 cm-2. The Si/S
co-implantation also gave almost 100 percent donor activation for a fluence of 8
x 101 ¢cm2 of each species. An improved silicon donor activation is observed in
the Si/S co-implanted material compared to the material implanted with silicon
alone. The peak carrier concentration achieved for the Si/S co-implant is 2 x 10
cm. The lattice damage on the surface side of the profile is effectively removed
after rapid thermal annealing. Multiple-energy silicon and sulfur implantations
are performed to obtain thick and buried n* layers needed for microwave devices
and also hyper-abrupt profiles needed for varactor diodes.
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INTRODUCTION

Indium phosphide is emerging as an increasingly
important material for microwave and high-power
device applications. For these applications, InP can
rival or surpass GaAs because of its favorable charac-
teristics (e.g., higher peak electron drift velocity,
higher thermal conductivity, lower carrier ionization
coefficients, and higher n-type carrier concentration,
etc.).12 Microwave devices like varactor diode, mixer
diode, and p-i-n diode require thick and buried con-
ductive layers. Either growth techniques or high-
energy ion implantation can be used to obtain these
buried layers. For these device applications, ion
implantation is particularly attractive compared to
epitaxial growth because it is more economical, has
higher yield, and offers controlled selective area dop-
ing, which is not possible with growth technology.
Silicon and sulfur are popularly used as dopants to
obtain n-type behavior in InP and GaAs.2" Multiple
energy implantations of silicon or sulfur species into
semi-insulating InP:Fe can be used to create the thick
and buried layers mentioned above. It is desirable
that these layers be made highly conductive for opti-
mum device performance. For example, the on-state
resistance of a p-i-n diode can be decreased by making
the buried contact layer highly conductive.® High
fluenceimplants (=10% cm2) need to be used to achieve
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high conductivity (that is, carrier concentration >101°
cm-?), But high fluence implantations lead to
amorphization of the material.? Once a Group III-V
compound material becomes amorphous, it is very
difficult to repair the lattice damage and activate the
dopant effectively.”® One way of extending the
amorphization limits is to perform the implantations
at elevated temperatures.'*-2In InP, silicon predomi-
nantly takes indium lattice sites for low implant
fluences and acts as a donor. But as the fluence of
silicon is increased, its amphoteric nature plays an
important role in limiting the maximum net electron
concentration that ean be achieved.’®!* To obtain
higher electron concentrations than that can be
achieved with silicon, either sulfur or co-implantation
of sulfur with silicon looks attractive. Because sulfur
is not amphoteric, higher carrier concentrations than
that with silicon could be obtained, whereas by using
Si/S co-implantation, even higher carrier concentra-
tions may be obtained because silicon and sulfur
occupy complementary lattice sites to act as donors,

This paper is a report on elevated temperature Si,
S, and Si/S implantations into InP:Fe. Wherever
appropriate, the results of elevated temperature im-
plants are compared to the corresponding room tem-
perature implant values. We performed 3 MeV Si, 4
MeV Sindividual implants, and 3 MeV Si/4 MeV S co-
implants in InP:Fe for various fluences. As sulfur
implantation statistics are not available, we used
transport of ions in matter (TRIM) calculations!® to
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find the energy (4 MeV) needed for obtaining overlap-
ping sulfur and silicon carrier profiles. For the silicon
ions, for implant energies >3 MeV, the implants will
be totally buried and the electrical characteristics
and lattice quality become almost independent of
implantation energy.”*1” Hence, the results presented
in this paper are equally valid for ion energies >3
MeV. In this work, we have studied various tempera-
ture/time rapid thermal annealing (RTA) cycles to
establish the optimum annealing conditions. The as-
implanted and the annealed material were character-
ized by secondary ion mass spectrometry (SIMS),
Hall, polaron electrochemical capacitance-voltage (C-
V) profiling, and Rutherford backscattering (RBS)
techniques to determine the atom concentration depth
profiles, sheet carrier concentration, carrier concen-
tration depth profiles, and lattice damage, respec-
tively. To demonstrate the application of elevated
temperature high-energy donor implants, we have
also performed multiple-energy Si or Si/S implanta-
tions into InP:Fe to obtain thick buried layers re-
quired for microwave device applications.

EXPERIMENT

Silicon and sulfur implantations were performed
into InP:Fe at an elevated temperature of 200°C. The
substrates were mounted with a seven degree tilt
from the incident beam normal plane and with a 30
degree azimuthal rotation of major flat to minimize
channeling. Channeling is more pronounced for the
200°C implantation compared to the room tempera-
ture implantation.! But the position of the implant
peak and the implant distribution on the surface side
of the wafer remain the same as for the room tempera-
ture implantation.!® The samples of implanted mate-
rial were annealed using halogen lamp RTA at vari-
ous temperatures (800°C to 900°C) for a duration of 10
s. Prior to annealing, a 50 nm thick silicon nitride
(Si,N,) dielectric cap was deposited on the InP:Fe
wafer by plasma enhanced chemical vapor deposition
to protect the surface from thermal decomposition
during annealing. For additional protection, an InP
proximity cap is also placed on top of the Si,N, de-
posited sample surface during annealing.!®* An AG
Associates Heat Pulse 410 annealing station is used
for performing the RTAs. The annealing temperature
measured by a pyrometer represents the temperature
of the silicon wafer sample holder that is in direct
contact with the sample to be annealed.

The annealed material is characterized by the van
der Pauw-Hall technique for measuring sheet resis-
tance, sheet carrier concentration, and carrier mobil-
ity. Electrochemical C-V profiling (polaron) is done to
obtain the carrier concentration depth profiles. To
correct the error in the polaron profile caused by low
InP Schottky barrier height (especially at high carrier
concentrations), the profiles are recalibrated by equat-
ing the area under the profile to the sheet carrier
concentration measured by the Hall technique.”*
Implant atom concentration profiles are obtained by
secondary ion mass spectrometry. A positive Cesium
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Fig. 1. Percentage of silicon net donor activation and sheet resistance
vs. RTA temperature (10 s duration) for 3 MeV silicon implanted
InP:Fe at 200°C for fluences of 8 X 10" and 2 X 10'> cm=2.

beam with 14.5 keV impact energy is used as the
primary ion beam. The crystalline lattice quality of
the material is determined by RBS measurements. A
4 MeV/He**ion beam is used with a solid state detec-
tor placed at an angle of 160 degrees for the
backscattered beam.

RESULTS AND DISCUSSION

Figure 1 shows the percentage activation and sheet
resistance as functions of RTA temperature for el-
evated temperature 3 MeV Siimplants for fluences of
8 x 10 and 2 x 10 cm2, A 10 s anneal time is used
at all temperatures. A maximum dopant electrical
activation of 85 percent (52 percent) is obtained for 8
x 1014(2 x 10%) cm2silicon implants at 875°C anneal-
ing temperature. This is a substantial improvement
over a 45 percent activation achieved for a room
temperature (RT) 8 x 10* cm2 silicon implantation.’
Even the carrier mobility has improved from the RT
implant value of 790 cm?/V-s to 1,200 cm?V-s for the
200°C implant. A detailed room temperature MeV
energy silicon implantation results in InP:Fe are
given in Ref. 7 and 17. The SIMS measurements on
the annealed samples indicated no diffusion of silicon
at any annealing temperature. The data in Fig. 1
indicate that the activations are small for higher
silicon fluences even if the implants are performed at
200°C. Itis clear that, although the elevated tempera-
ture implantation is an improvement over room tem-
perature implantation, the maximum net donor (elec-
tron) activation (concentration) that can be obtained
with silicon implantation is limited by its amphoteric
behavior in InP:Fe.1*15 The peak carrier concentra-
tions obtained for 8 x 10* and 2 x 10 cm™? silicon
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implants are 9 x 10 and 1.2 x 10 cm3, respective-
ly.1 Although a carrier concentration of 10'° cm- is
sufficient for many device applications, still higher
carrier concentrations are desirable for optimum
performance in microwave/millimeter wave devices.
Hence, to increase the peak carrier concentration
further, first we performed sulfur implantation into
InP:Fe at 200°C.

Results of RT sulfur implantation in InP:Fe are
presented prior to the 200°C implantation results.
Room temperature sulfur implants in InP:Fe at 4
MeV gave electrical activations similar to those of RT
silicon for fluences <4 x 10'* cm2.7 After 875°C/10 s
RTA, for a fluence of 4 x 104 cm-2, we have obtained
an electrical activation of 80 percent with a carrier
mobility of 1470 cm?/V-s, whereas, for a fluence of 1 x
10* cm2, these values are 100 percent and 1760 cm?/
V-s, respectively. For fluences >4 x 101 e¢m-2, a higher
donor activation is obtained for RT sulfur implanta-
tion compared to RT silicon implantation. For the
fluences of 8 x 101 and 2 x 10% cm2, after 875°C/10 s
RTA, the dopant electrical activations are 93 and 50
percent and the carrier mobilities are 850 and 660
cm?/V-s, respectively. The lattice remains severely
damaged for these fluences even after annealing.

The plots of percentage activation and sheet re-
sistance versus annealing temperature (10 s dura-
tion) for the 4 MeV S implants at 200°C are shown in
Fig. 2 for two different fluences. For 8 X 10 ¢cm2
sulphur, the activation is almost 100 percent at all
annealing temperatures, whereas for 2 X 105 ¢m-2
sulphur, the activation is in the range 82—-90 percent.
A marginal decrease in the sheet resistance is ob-
served for 2 x 10% cm2sulfur with increasing anneal-
ing temperature. These values are a clear improve-
ment over the RT values. For the 200°C implant, the
SIMS sulfur atom concentration and polaron carrier
concentration depth profiles in the as-implanted and
annealed samples are shown in Fig. 3 for the 8 x 101
cm fluence. In the SIMS profiles, we have not ob-
served the diffusion of sulfur at any annealing
temperature. But a deeper polaron carrier concen-
tration depth profiles with a shoulder are obtained in
the annealed samples compared to the SIMS profile.
This behavior is not observed for silicon implants. For
silicon implants, both silicon SIMS and carrier con-
centration depth profiles have a close agreement
without any diffusion.’® For sulfur, the formation of a
deep shoulder is more pronounced with an increasing
annealing temperature. The exact reason for this
behavior in sulfur-implanted samples is not known at
this time. The peak carrier concentration obtained for
8 x 10" cm2fluence of sulfuris 9.6 x 108¢cm=3, whereas
for 2 x 10% cm2 fluence of sulfur, the value we
measured is 2 x 10 ¢cm-3. For the 2 x 1015 cm-2 sulfur
fluence, the activation seems to be affected by the
saturation of phosphorus vacancies by sulfur result-
ing in a <90 percent activation.

To obtain still higher peak carrier concentrations
than in the case of sulfur, we have performed Si/S co-
implantations. The Si/S co-implants are done for

fluences of 8 x 10'* cm2 of each species for energies of
4 MeV for sulfur and 3 MeV for silicon. The total
electrical activation and sheet resistance results at
various RTA temperatures (10 s duration) are shown
in Fig. 4. A sheet carrier concentration of 1.6 x 10
cm-2 achieved for 875°C/10 s annealing cycle for a
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Fig. 2. Percentage of dopant activation and sheet resistance vs. RTA
temperature (10 s duration) for 4 MeV sulfurimplanted InP:Fe at 200°C
for fluences of 8 x10™ and 2 X 105 cm=2.
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Fig. 3. Secondary ion mass spectrometry sulfur atom concentration
and polaron carrier concentration depth profiles in 4 MeV/8 x 10*
cm2 sulfur implanted InP:Fe before and after annealing.



76

1 | Ll 1 1
S/Si Coimplants Into InP:Fe at 200 °C

10 s RTA
- O 8 4 MeV/8x10" cm-? S and 3 MeV/8x10' em-? Si
S O @ multiple energy S/Si in Table I
z 100 |- o
S /o o
S 0|, __—f—— P
§ ‘-O/ O
o ~
£ 80 | 0 45 &
< [ ] =
l\-\._’ -4 g
<
I
8
L ° ° °® o> -2
=
-1 E
o]
1 i | | | n

800 825 850 875 200
ANNEALING TEMPERATURE (°C)

Fig. 4. The total percentage donor activation and sheet resistance vs
annealing temperature (10 s duration) for 3 MeV/8 x 10** cm=2 silicon
and 4 MeV/8 X 10'* cm2 sulfur co-implanted InP:Fe at 200°C. The data
for a multiple energy Si/S co-implant schedule (Table I} are also
included.
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Fig. 5. Secondary ion mass spectrometry silicon and sulfur atom
concentration depth profiles in 3 MeV/8 x 10 cm-2silicon and 4 MeV/
8 x 10" cm2sulfurimplanted InP:Fe at 200°C before and after 876°C/
10s annealing.

fluence of 8 x 10 cm-2 for each species (a total Si/S
fluence of 1.6 x 10 cm™) is not the sum of the sheet
carrier concentrations obtained for individual 8 x
10" ¢m=2implants. A clear improvement in silicon
activation is achieved for the Si/S co-implant case
compared to a value of 85 percent activation for an
individual 8 x 10 ecm-2silicon implant. This increase
of silicon activation in the Si/S co-implant is expected
since sulfur is filling the phosphorus lattice sites,
thereby reducing the effect of the amphoteric nature
of silicon in InP. The mobility and sheet resistance
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Fig. 6. The polaron carrier concentration depth profiles in Si/S co-
implanted and silicon and sulfur individualimplanted InP:Fe for 850°C/
10 s RTA. The silicon implant is performed at 3 MeV to a fluence of 8
X 10 cm?, whereas the sulfur implant is performed at 4 MeV to a
fluence of 8 x 10*cm=2. All implants were done at 200°C.

corresponding to 100 percent Si/S activation are 1,000
cm?%V-s, and 3.88 Q/square, respectively. While a 100
percent donor activation is obtained for the Si/S co-
implant, the net donor activation obtained for a com-
parable fluence (2 x 10 cm2)siliconimplantis 52 per
cent while that of sulfur is =90 percent.

The atom concentration depth profiles obtained by
SIMS measurements before and after annealing for
the Si/S co-implanted samples are shown in Fig. 5.
The plots are similar for the as-implanted and an-
nealed cases showinglittle or negligible redistribution
of dopant species except for a slight flattening of the
peak for sulfur profile. Ideally, the profiles for silicon
and sulfur should match exactly to obtain the maxi-
mum possible carrier concentration for a given fluence.
The mismatch between the profiles is due to the
theoretical range statistics that we used for sulfur.
These values are obtained from TRIM calculations
because of the nonavailability of experimental range
statistics for sulfur in InP. For the energies chosen,
the amount of overlap between the silicon and sulfur
depth profiles is about 80 percent. The polaron carrier
concentration depth profile of 4 MeV/8 x 10 cm-2
sulfur and 3 MeV/8 x 10 ¢m silicon co-implant is
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Fig. 7. Rutherford backscattering spectra on 4 MeV/8 x 10' cm2 sulfur
implanted InP:Fe before and after annealing.
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Fig. 8. Rutherford backscattering spectra on 3 MeV/8 x 10'* cm2
silicon and 4 MeV/8 x 10™ cm2 sulfur co-implanted InP:Fe before and
after annealing.

shown in Fig. 6 for 850°C/10 s RTA. For comparison,
the profiles for individual implants are also shown in
Fig. 6. Peak carrier concentration obtained for the Si/
S co-implant is about 2 x 10'® cm3. The peak electron
concentrations obtained for InP are almost a decade
higher than those for GaAs.2*

The RBS spectra obtained for a qualitative de-
termination of the crystal perfection are shown in
Figs.7 and 8 for S and Si/Simplants, respectively. The
rise in the yield of the as-implanted spectra from the
surface to a depth of 2.4 um is due to the increasing
number of point defects which backscatter the He ion
beam away from the channeled direction toward the
detector. For both S and Si/S co-implants, the yield of
the RBS spectra on the as-implant samples is less
than the random yield at all depths indicating that
the material is not amorphized at any depth location.

Table 1. Multiple Energy Si/S Implantation
Schedule Used to Obtain Buried n* Layer

Energy Fluence

Specie (MeV) (cm™2)

S 7.9 5x 101
S 11 5x 101
S 15 5x 10H
Si 6 5x 1014
Si 8.6 5x 101+
Si 12 5x 10+

After annealing for both S and Si/S implants, the RBS
yield (up to a depth of =~1.6-1.8 pm ) is close to that of
the virgin sample indicating almost complete lattice
recovery at these depths. But at depths greater than
1.8 um, though the yield is smaller than the as-
implant yield, it is considerably more than that of the
virgin sample. In ion implantation, since the maxi-
mum lattice damage is at ~ 0.8R,'* (which is ~1.6 pm
for 3 MeV silicon) and dislocation loops are formed at
=2R ,thelattice has not fully recovered at depths >1.6
pm. Duetoa comparable atom mass of silicon (28.08)
and sulfur (32.06), RBS results similar to that of
sulfur are obtained for silicon.%?

Because of the carrier concentration improvement
obtained with Si/S co-implantation, we performed
multiple-energy Si/S co-implants to obtain highly
conductive, thick, and buried layers. The implant
schedule used is given in Table I. The Hall mea-
surements for various annealing cycles are shown in
Fig. 4. Amaximum activation of about 96 %is achieved
after an annealing cycle of 875°C/10 s. The corre-
sponding mobility, sheet carrier concentration, and
sheet resistivity are 1100 cm?V-s, 2.88 x 10% cm?,
and 1.97 Q/square, respectively. The SIMS atom and
polaron carrier concentration profiles in this sample
are shown in Fig. 9. A 3 pm thick layer with a peak
carrier concentration of =10 cm= is achieved. The
same shoulder that is observed in the polaron profiles
for single energy S and Si/S co-implantation is again
observed at a depth of =5 pm. By comparing the
polaron profile with the sum of silicon and sulfur
SIMS depth profiles, we have observed a shift in the
polaron profile on the depth scale toward the surface
with respect to the SIMS profile. This is due to
different techniques used to measure the depth scale
in polaron and SIMS.” For devices like p-i-n diodes,
the buried n* layer profile has to be at depths greater
than that shown in Fig, 9. A similar doping profile at
a greater depth can be obtained by using higher ion
energies than those given in Table 1. For silicon and
sulfur, for ion energies >3 MeV, the electrical charac-
teristics are almost independent of the ion energy.”!

The RBS spectra for multiple-energy implants is
shown in Fig. 10. The as-implanted and annealed
spectra are well below the random indicating little
lattice damage. However the spectra shows that after
a scattering energy of 2.5 MeV, the backscattering
vield for the sample annealed by the 875°C/10 s cycle
is more than that of the 800°C/10 s annealed sample.



78

T I T T T T

Multiple S/Si Coimplants Into InP:Fe at 200 °C
875 °C/10 s RTA

T
1

1019

TTT]
Ll

[
[=)

&
IITT

Ll

[y

(=}
e
3

CONCENTRATION (c¢cm™3%)
T

N ’ -~ ——SIMS S \ N
- v SIMS Si \ -
L —.—.~ polaron \‘
1016 i ] 1 1 1 1
0 1 2 3 4 5 6 7
DEPTH (um)

Fig. 9. Secondary ion mass spectrometry silicon and sulfur atom and
carrier concentration depth profiles in 875°C/10 s annealed multiple
energy Si/S co-implanted InP:Fe. The implant schedule used is given
in Table I.
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Fig. 10. Rutherford backscattering spectra on multiple energy Si/S co-
implanted InP:Fe (implant schedule given in Table 1) before and after
annealing.

Thisis probably due to the coalescence of point defects
into extended defects®!® or the evolution of different
defects at the higher annealing temperature. For
example, for high fluence implants, a new type of
defects called type V defects are formed upon anneal-
ing.202t It was proposed that as the impurity moves
into substitutional sites, host interstitials are created
which form into type V dislocation loops.?! A similar
behavior was also observed by Trudeau et al.22 for
high fluence MeV energy ion implantation in GaAs.
Though the yield after 2.5 MeV-scattering energy for
the 875°C/10 s RTA is higher than that of 800°C/10 s

Vellanki, Nadella, and Rao

1 1 1 1
4 MeV/8x10" cm~? S Implant
Into InP:Fe at RT

7~
T

1019

L1l

et

(=}
it
oo

- -~

ATOM CONCENTRATION (cm
i
(=]

Gl hY - «

1016 =~ Fe:
—— as-implanted N
~-875°C/10 s RTA

1015 | i | i 1

0 1 2 3 4 5
DEPTH (um)

Fig. 11. Smoothed SIMS Fe atom concentration depth profiles in 4
MeV/8 x 10" ecm2sulfur implanted InP:Fe at room temperature before
and after annealing. The sulfur SIMS depth profile in the as-implanted
material is also shown in the figure.

RTA, it is still close to the virgin level.

A concern of ion implantation into Fe doped semi-
insulating InP is the redistribution of Fe during
annealing. Transition metals like iron, cobalt, chro-
mium, and vanadium show anomalous diffusion be-
havior during annealing. To observe this behavior, we
have performed SIMS measurements on 4 MeV sulfur
as-implanted and annealed material to obtain iron
atom concentration depth profiles. These profiles are
shown in Fig. 11 for the room temperature implant. In
the annealed sample, there is a slight anomalous out-
diffusion of iron toward the surface and some re-
distribution inside the substrate. Similar iron re-
distribution behavior was observed by Bahir et al. in
silicon implanted InP:Fe.?? The out-diffusion of iron
toward the surface is due to electric field associated
with the surface depletion region.2? The small peaks
developed at~0.7R and =R +AR of the sulfurimplant
are due to gettering of iron to the peak implant
damage position’® and the formation of Fe-P com-
plexes in the phosphorus-rich region created by stoi-
chiometric disturbances,*% respectively. The magni-
tude of iron redistribution is not severe enough to
alter the implant carrier concentration depth profiles
significantly. For the elevated temperature implants,
out-diffusion and redistribution at =R +AR_ are ob-
served. Buttheimplant-damage-related peak at~0.7R,
is absent due to self-annealing during implantation
at 200°C.

Multiple-energy Si, S, and Si/S implantation in
InP:Fe is attractive to obtain doping profiles of any
shape necessary for microwave devices. For example,
for a varactor diode, a hyper-abrupt doping profile is
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Table II. Silicon Implantation Schedule Used to
Realize Varactor Diode Doping Profile

Energy Fluence

(MeV) (cm™2)
Buried n* Implants 12 5x 104
8.6 5x 1014
6 5x 1014
Surface Hyper-Abrupt 15 5 x 1012
Doping Profile Implants 0.75 5 x 1012
0.5 7.5 x 1012
0.2 1.5x 1013
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Fig. 12. Polaron carrier concentration depth profile for a multiple
energy silicon implantation used (Table 1) to make varactor diode in
InP:Fe. The implants are performed at 200°C, and the annealing cycle
used is 875°C/10 s RTA.

required at the surface (to obtain a linear voltage
variable capacitance relation) and a thick highly
conductive buried n* ohmic contact region is required
in the bulk.? A typical silicon multiple implant sched-
ule used to obtain both hyper-abrupt and buried n*
layers is given in Table II. All implants are performed
at 200°C. The polaron carrier concentration depth
profile in the sample annealed by 875°C/10 s RTA is
shown in Fig. 12. This profile demonstrates the
versatility of high energy implantation to make mi-
crowave devices that require doping profiles of any
shape. To obtain optimum performance, multiple-
energy Si/S co-implantation instead of multiple-en-
ergy silicon implants should be used for the buried n*
layer, whereas for the hyper-abrupt layer, only silicon
implants suffice because the required silicon implant
fluences to create this layer are low for which the
activationis almost 100 percent. In fact, for the hyper-
abrupt layer, even room temperature implants can be
used because, for the fluences used, the as-implant

damage RBS yield is much below the random level
and hence can be easily annealed.

CONCLUSIONS

Buried n* layers with a maximum carrier (electron)
concentration of 10'° cm-? can be obtained with 200°C
MeV Si implantation in InP. To obtain electron car-
rier concentrations >10% ¢m= in InP, elevated tem-
perature Simplantation or Si/S co-implantation seem
to be more effective than Si implantation. For high
silicon fluences, due to the amphoteric nature of
silicon, some of silicon takes phosphorus sites result-
ing in poor net donor activation. Since sulfur is not an
amphoteric impurity, this problem does not exist but
the maximum possible electron concentration is still
limited by the saturation of phosphorus vacancies by
sulfur. Instead of high fluence Si or S, if Si/S co-
implant of equal total fluence is used, a higher elec-
tron concentration can be obtained. This is because In
and P lattice sites can be filled by silicon and sulfur,
respectively, to obtain donors. Since phosphorus sites
are occupied by sulfur, the amphoteric behavior of
silicon is also suppressed by Si/S co-implantation.
Since the implant damage on the surface side of the
profile is effectively removed, high fluence Si, S, or Si/
S implants are attractive for making buried high
carrier concentration n* layers, required for microwave
devices like p-i-n diede, varactor diode, etc. Multiple-
energy silicon and sulfur implantations in InP:Fe are
very useful for obtaining doping profiles of any shape
for the above device applications. In this study, by
using elevated temperature S and Si/S implantations
in InP:Fe, we have obtained buried layers with a
maximum carrier concentration of 2 x 10'° em-3. To
obtain the overlap of sulfur and silicon implant pro-
files accurately, we are currently developing the range
statistics of sulfur ions in InP up to 16 MeV energy
using the SIMS sulfur atom concentration depth
profile measurements. For sulfur implants, the pol-
aron carrier concentration depth profiles show a shoul-
der at depths greater than the implant depth. The
reason for this behavior is not known at this time. No
diffusion of sulfur is observed in the SIMS measure-
ments performed on the annealed samples at any
annealing temperature. The 875°C/10 s RTA cycle
seems to be the optimum annealing condition for all
high fluence implants used in this study.
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