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Carrier activation and mobility of boron-dopant atoms in ion-implanted diamond
as a function of implantation conditions
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Natural type-IIa diamonds were implanted with either boron alone, carbon alone, or carbon plus bo-
ron at 77, 300, or 800 K. van der Pauw resistivity and Hall effect measurements of carrier concentration
and mobility were made as a function of temperature to determine the most effective implantation condi-
tions for semiconducting device applications. No measurable dopant incorporation occurs for the 800-K
implant. The highest carrier concentration and mobility are observed when the implantation is carried
out at 77 K. It is further shown that a significant increase in the hole concentration occurs when carbon
is implanted prior to boron. These measurements provide direct confirmation of the theoretical predic-
tions of Prins and co-workers. It is shown, however, that the carbon co-implant results in a decreased
hole mobility. A multiple-step, low-temperature boron-ion implantation procedure that used three
different implantation energies to produce an approximately uniformly doped p-type layer of about 200
nm thickness {as verified by secondary-ion-mass spectrometry on a separate sample) produced the best
combination of carrier concentration and mobility. The resulting doped layer was used in the fabrica-
tion of an insulated-gate field-effect transistor that demonstrated current saturation and pinch-off at
room temperature.

INTRODUCTION

Ion implantation is an important technology for semi-
conducting device applications because it provides an ac-
curate method for controlling both the number and loca-
tion of the dopant atoms. An extensive summary of the
previous attempts to dope natural insulating diamond by
using ion implantation has recently been provided by
Prins and co-workers. ' Prins and co-workers discuss
the complexity of interpreting the implantation results
due to the metastable nature of the diamond lattice.
Much of the inconsistency in the reported results is attri-
buted to the production of electrically active radiation
damage due, in part, to the transformation of diamond
bonds to graphitic bonds. It was shown that intrinsic ra-
diation defects in diamond can act as donor, acceptor, or
compensation centers which at high defect densities
could produce impurity band electrical conduction via a
hopping mechanism. ' Furthermore, implantation
doses exceeding 5X10' boron atoms per cm result in
the irreversible transformation of diamond bonds to gra-
phitic bonds during annealing. ' ' "

Prins proposed that the percentage of implanted bo-
ron atoms that are incorporated into the diamond lattice
on substitutional sites can be increased by performing the
implantation at low temperature (77 K in Refs. I —4) to
inhibit the migration of the interstitials out of the im-

planted region. Prins further proposed that a low-
temperature implantation of carbon ions in a prescribed
ratio relative to the boron ion dose would create a
vacancy-rich region for the subsequent boron implanta-
tion and annealing procedures. During a rapid post im-
plant anneal, the recombination of the self-interstitials
and vacancies reduces radiation damage while boron
combining with vacancies produces electrically active
dopant incorporation. This was indicated in Ref. 4 by
optical transmission and electrical resistance measure-
ments of diamonds implanted with various ratios of car-
bon and boron ions. Further confirmation was obtained
by Sandhu, Swanson, and Chu' by using additional opti-
cal absorption and electrical resistance measurements of
natural insulating (type IIa) diamonds that were co-
implanted with boron and carbon ions.

Liu et al. ' refined the critical carbon ion implantation
dose for irreversible lattice damage in diamond by using
Rutherford backscattering spectrometry (RBS) and ion
channeling measurements. It was shown that for 200
keV carbon atoms implanted at 77 K, diamond is amor-
phized at a critical dose between 1.65X10' and 3X10'
cm . It was further shown' that below this critical
dose, epitaxial regrowth of the radiation damage could be
accomplished by either rapid thermal annealing (RTA) or
furnace annealing; above this dose, furnace annealing up
to 1173 K produced a nearly perfect crystal in the epitax-
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ially regrown region, whereas RTA resulted in poor crys-
tallinity. An analysis of the depth distributions of ' C,
"B, and Li atoms implanted into natural type-Ia and
type-IIa diamonds at temperatures ranging between 90
and 670 K was provided by Spits et al. ' Nuclear reac-
tion profiling in conjunction with RBS and ion channel-
ing measurements was used to study the interaction and
redistribution of dopant atoms and displaced carbon
atoms during the implantation and annealing processes.
Nuclear reaction analysis clearly showed that the amount
of boron trapped in the damaged region decreased as the
implantation temperature was increased. '

More recently, Prins' has shown that the carbon self-
interstitial —vacancy recombination rate and the boron
interstitial —vacancy combination rate exhibit different
dependencies on the annealing temperature, rather than
the simple equirate models assumed in Refs. 3 and 4. The
sheet resistance for diamond implanted with a fixed car-
bon dose was demonstrated to increase by over seven or-
ders of magnitude as the annealing temperature was in-
creased from 1123 to 1348 K. The self-
interstitial —vacancy recombination rates increased con-
tinuously with increasing annealing temperature
throughout this temperature interval. For boron-
implanted diamond, however, the sheet resistance is at a
minimum for an annealing temperature of approximately
1273 K, and increases by over five orders of magnitude as
the annealing temperature is increased from 1273 to 1373
K. This indicates that the boron acceptor activation
efficiency is maximized by annealing the implanted sam-
ples at approximately 1273 K. Subsequent annealing at
higher temperatures can then provide for further reduc-
tions in the radiation damage.

In this paper we investigate the implantation condi-
tions that provide the best characteristics for diamond
electronic device applications. Device applications re-
quire not only the low sheet resistance produced by elec-
trically active substitutional boron atoms in the diamond
lattice, but also a high hole mobility. Direct measure-
ments of both the carrier concentration and the hole rno-
bility are made as a function of temperature for natural
type-IIa diamond implanted with either boron or carbon,
or co-implanted with boron and carbon, at substrate tem-
peratures of 77, 300, or 800 K. The sample demonstrat-
ing the best combination of carrier concentration and
mobility was then used to provide the conducting layer
for an insulated-gate field-effect transistor.

EXPERIMENTAL PROCEDURE

Natural type-IIa diamonds, 5 X 5 X 0.25 mm or
4X4X0.25 mm in size, with a (100) orientation, were
used throughout this study. The implantation conditions
were selected to allow verification of the approach sug-
gested by Prins. In both cases trilevel implant procedure
was used to provide an approximately uniformly doped
p-type layer of about 200 nm in thickness, as predicted by
transport of ions in materials (TRIM) (6.04) calculations
and as subsequently confirmed by secondary-ion-mass
spectrometry (SIMS) measurements performed at Charles
Evans A. Associations on a separately implanted test sam-

pie. Depth distributions and range parameters for boron
and other elements in diamond are provided in Ref. 15.
Implantation of "Band ' C was performed in a 400 kV
custom ion implanter at Hughes Research Laboratories."B ions were produced from BF3 gas in an electron-
bombardment ion source; ' C ions were produced from a
CO gas source. The ion beam was mass separated at full
energy by using a double focusing magnet. Neutral parti-
cles were removed and the beam electrostatically scanned
to provide a uniform implant at 7' from the (100) axis.
The fIuence was determined by integrating the net posi-
tive charge striking the target, which is biased and isolat-
ed from ground potential through a current integrator.
SIMS was used to verify the measured Auences in
separate calibration runs. The target chamber was evacu-
ated to about 10 Torr using a cryopump. The dia-
monds were mounted on a temperature-controlled sample
holder for the specified implantation conditions. Six dia-
monds were implanted at the temperatures, doses, and
conditions indicated in Table I. Ion current densities
were controlled to complete the desired implantation
dose in time intervals between 60 and 600 s.

After implantation, the samples were immediately re-
moved from the implantation stage, placed in a quartz
furnace preheated to 1263 K, and annealed under Aowing
dry nitrogen to remove implantation damage and activate
the implanted boron. In all but one case the annealing
time was 10 min. For the low dose, low-temperature
boron-only implantation, a 60 min anneal was used to
determine whether additional annealing time would im-
prove the activation eSciency and mobility. For the 10
min anneals, a visual change in the color of the implanted
samples was evident after annealing. Prior to the anneal,
the surface exhibited a light bronze coloration and a sha-
dow was apparent in the region that had been masked by
the sample holder clip during implantation. After an-
nealing, the surface was clear and the region masked by
the clip was no longer evident. After the 60 min anneal,
however, the surface was blackened. The diamonds were
then transported to Naval Command, Control, and
Ocean Surveillance Center, Research, Development, Test
and Evaluation Division where all subsequent processing
was done. The samples were first cleaned by etching in a
boiling saturated solution of Cr03 in sulfuric acid to re-
move any potential graphitized layers resulting from the
implantation process. The diamonds were then rinsed in
deionized water, boiled in acetone, rinsed with methanol,
then blown dry by using dry nitrogen. After this pro-
cedure, all of the diamonds, including the sample that
had been blackened during the 60 min anneal, appeared
clear and free of visible radiation damage. The samples
were then loaded into an ultrahigh vacuum chamber for
Ohmic contact metallization. The base pressure of the
chamber was approximately 1 X 10 Torr.

Contacts were evaporated onto the sample corners by
using a stainless-steel shadow mask. The contact metalli-
zation consisted of 10 nrn of Mo deposited by electron-
beam evaporation, followed by 150 nm of Au deposited
from a resistively heated boat. After removal from the
vacuum chamber, the samples were baked at 393 K for
20 min, then annealed for 6 min at 1233 K in a dry hy-
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drogen ambient (dew point less than 210 K). The eff'ect

of this additional annealing on the activation of the bo-
ron, or on the annealing of implantation-induced defects,
should be minimal as the contact annealing temperature
is 30 lower and the contact anneal time is 6 vs 10 min for
the activation anneal. The electrical contacts produced
by this process have been extensively characterized in
previous studies. ' The formation of carbide precipi-
tates at the diamond-metal interface during the anneal
leads to Ohmic contacts with low specific contact resis-
tance and high mechanical integrity. ' ' The long-term
reliability of these contacts has been demonstrated at
temperatures between 723 and 898 K for time intervals in
excess of 130 h. ' Gold wires were then wire bonded be-
tween the Mo/Au evaporated contacts and the gold con-
tact pads of a chip carrier and mounted in the high-
temperature van der Pauw resistivity and Hall-effect mea-
surement apparatus shown in Fig. 1.

Initial measurements' ' ' revealed that it was necessary
to control the ambient atmosphere in which the transport
measurements were made in order to inhibit high-
temperature surface interactions between diamond and
gas species such as oxygen and hydrogen. ' High-
purity argon was generated by using a purifier system
that employs hot Ti chips and fed into the system that
was maintained at a dew point of less than 158 K (as
monitored by a hygrometer in the gas exhaust line). The
sample was radiatively heated by furnace coils surround-
ing the quartz chamber. The temperature was controlled
by a Variac attached to the furnace coils and was moni-
tored by a thermocouple inserted in a socket below the
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FIG. 1. Apparatus for high-temperature van der Pauw resis-
tivity and Hall-effect measurements in a controlled ambient.
(The TC gauge is a thermocouple for temperature control. )

sample platform. The samples were heated to a max-
imum temperature of 1058 K and resistivity and Hall
effect measurements were then made as a function of tem-
perature.

The van der Pauw resistivity measurements evaluate
the voltage induced across two adjacent corner contacts
for a measured current between the remaining two con-
tacts. The I-V measurements are then repeated for all
pairs of contacts to increase accuracy and evaluate the
sample homogeneity. Similarly, the Hall data consist of
measurements of the voltage across two diagonally op-
posing corner contacts for a defined current between the
other pair of corner contacts with a magnetic field per-

TABLE I. Ion-implantation conditions.

Implant
species

12C+

Ion energy
(kev)

120
60
30

Implant dose
(cm )

3.0x10"
2.1x10"
1.5 x10"

Implant
temperature (K)

77

Anneal time
(min)

10

12C+ + 11B+

11B+

120
60
30

100
50
25

100
50
25

3.ox 10'
2.1 x 10'
1.S x1O'4

3.0x 10"
2.1 x 10'
1.5 x10"
3.0x10"
2.1x1O'4
1.S x1O'4

77

77

10

10

11B+ 100
50
25

3.0x 10'
2.1 X 10'
1 ~ sx 10'

77 60

11B+ 100
50
25

3.0 x 10'
2. 1 x 10'
1.5 x10"

300 10

11B+ 100
50
25

3.0x10'4
2. 1 x 10'4

1.S x1O'4

10
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pendicular to the plane of the sample. Initial room-
temperature calibration measurements were made with
probe wires attached to the evaporated contact pads with
In solder. Significant improvements in both the van der
Pauw function and the magnitudes of the induced van
der Pauw voltages were obtained for the wire bonded
contact procedure described above. Measurements were
carried out in a magnetic field of 0.95 T with injected
currents varied between 1 nA and 10 pA.

RESULTS AND DISCUSSION

The sheet resistance data shown in Fig. 2 indicate that
the lowest resistance is achieved by co-implanting with
carbon and boron at low temperature. The resistance for
this sample is more than an order of magnitude lower
than that of the sample implanted with boron alone at
low temperature. The sample implanted with an order-
of-magnitude lower boron dose, but annealed for 60 min,
exhibited a significantly increased resistance but was still
superior to that obtained for the sample implanted with a
full boron dose at 300 K. The room-temperature boron
implant produced a lower sheet resistance than the low-
temperature carbon-only implant, while the 800 K
boron-only implant exhibited the highest sheet resistance
among all the implanted samples. The fact that the
high-temperature boron-only implant produces the
highest resistance corrobor ates the nuclear reaction
analysis results in Ref. 14 which showed, by direct boron
depth profiling, that most of the boron implanted at 670
K migrated out of the implant region. In addition, Ref.
14 shows that while boron implantation at 370 K results
in a somewhat greater concentration of boron in the im-
plant region than does implantation at 670 K, implanta-
tion of boron at 90 K results in significantly greater bo-
ron concentrations than either the 370 or 670 K implan-
tations. The increased sheet resistance of the 800 K
boron-only implantation over the low-temperature
carbon-only implantation observed in this work is
presumably caused by a reduction in electrically active

lattice defects produced in the course of the high-
temperature implant, thus indicating that the 10 min
acitvation anneals do not remove all the residual lattice
damage. Prins' showed that after a 60 min anneal at
1271 K to activate the boron, a higher-temperature an-
neal over a longer time period will further reduce the
number of residual defects.

The carrier concentration data, summarized in Fig. 3,
indicates that the low-temperature carbon plus boron co-
implantation procedure produces an increase in the total
number of holes of almost two orders of magnitude over
that obtained with boron alone. The reduced dose boron
implant does provide fewer carriers, but due to the in-
creased annealing time, the amount of reduction is less
than the order-of-magnitude decrease expected from the
decrease in the dose. The 300-K boron-only implant pro-
duced a measurable hole concentration, but the density
was approximately an order of magnitude lower than that
of the sample implanted with an equal boron dose at 77
K. Neither the sample that was implanted with carbon
only at 77 K nor the sample implanted with B only at 800
K produced a measurable carrier concentration.

Collins, and co-workers discuss the use of the
carrier-concentration curves to compute the free hole,
donor, and acceptor concentrations and the hole activa-
tion energy in both natural and in synthetic diamonds
(the synthetic diamonds analyzed were grown by a high-
temperature, high-pressure technique). It was shown that
for natural diamond with hole concentrations on the or-
der of 3 X 10' cm, a single-hole activation energy can be
readily extracted from the temperature dependence of the
variation of N„-ND. For synthetic type-IIb diamond
with acceptor concentrations between 10' and 10'
cm, however, the carrier concentration depended on
three independent conductivity mechanisms, all with
different activation energies that produced different tem-
perature dependences for different samples. ' For ion-
implanted samples other defect-induced conductivity
mechanisms are also possible, making the interpretation
of the carrier-concentration curves even more dificult.

The concentration of boron atoms in the active layer
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TABLE II. TRIM simulation results.

Ion
Energy
(keV) Rp (nm) ERE (nm) RD (nm) Vacancies per ion

12C

12C

12C

11B
11B
11B

120
60
30

100
50
25

162.5
87.9
46. 1

173.7
93.2
48.5

25.7
18.2
12.1

28.0
19.7
13.0

151.6
75.0
35.9

159.4
81.3
37.5

114.9
87.9
63.3

100.5
77.2
55.7

75
oC+ 8 77 K
~ 8 77 K
- 8 (low dose) 77K

, -8 300 K

0
cu 50E

JD
O

25—
(50

0 I

8 8

0 100 200 300 400 500 600 700 800

Temperature ('C)

FIR. 4. Hole mobility as a function of temperature for the

implantation conditions of Table I.

for these measurements is on the order of 3 X 10' cm
and within the general range of the synthetic diamonds
analyzed in Ref. 26. An analysis of the low-temperature,
full-dose, boron-only implantation was provided in Ref.
21. It is shown that the slope of ln(p) vs ( I/kT) between
600 and 850 K corresponds to an energy of 0.29 eV. De-
pending on the assumptions made about the degree of
compensation in the active region, these data imply an
acceptor binding energy of between 0.18 and 0.49 eV Ref.
21. This binding energy is in agreement with the results
of Vavilov et al. who reported a boron-ionization ener-

gy of 0.19 eV under the assumption that p «ND.
The carrier mobility results in Fig. 4 show that the car-

bon plus boron co-implanted sample exhibits a significant
decrease in the hole mobility relative to samples implant-
ed with boron alone. In all cases the measurements
showed considerble variation, but repeated trials and re-
peated measurements at each temperature were used to
obtain reliable data. The noticeably greater scatter in the
mobility data is attributed to the fact that mobility is de-
rived from the measured sheet resistance and the mea-
sured carrier concentration, and therefore contains the
errors of both measurements. Again, neither the carbon-
only implant nor the 800 K boron implant produced a
measurable hole mobility.

In initial calibration runs of the system, van der Pauw
resistivity and Hall effect measurements were made on a
natural type-IIb semiconducting diamond. The tempera-

ture dependence of the free hole concentration vs temper-
ature was equivalent to that obtained by Collins and co-
workers ' and indicated a hole activation energy of
0.33 eV. The measured mobility of this sample was 400
crn V 's ' at 300 K. This is lower than the values re-
ported in Refs. 24 and 25 but within the range reported
by others ' for synthetic diamond. The lower mobility
values may be indicative of a higher defect density in our
sample relative to that measured in Ref. 25. Vavilov
et al. reported room-temperature mobilities of between
200 and 700 crn V 's ' for natural diamond implanted
with 40-keV boron ions at room temperature and vacuum
annealed at 1673 K for 2 h. Consequently, it is reason-
able to expect that a better optimized set of implantation
and annealing conditions would improve the hole mobili-
ty.

Since the sample implanted with carbon plus boron re-
ceived a total implant dose twice that of the sample im-
planted with boron alone this reduction in mobility is not
surprising. %'ith the increase in activation associated
with the carbon preimplant, however, this might be con-
trolled by reducing both the carbon and boron implant
doses. Alternatively, as discussed below, it might be pos-
sible to design an equally effective implantation scheme
using suitably tailored rnultienergy boron-only irnplants.

Shown in Table II are the summarized results of the
TRIM simulations for carbon or boron implanted into di-
arnond. It is clear that boron and carbon are approxi-
mately equal in vacancy creation efficiency; even with the
20% difference in energy (120 keV vs 100 keV, etc. ) the
vacancies per ion differ by only 10—15%. This suggests
that the use of carbon for the co-implantation might be
unnecessary for a multienergy implant. If the implants
are carried out in order of descending energies, each im-
plant leaves a defect profile for subsequent irnplants simi-
lar to that of a carbon preimplant. In addition to reduc-
ing the number of irnplantations required, this procedure
also eliminates the additional interstitial carbon atoms
that make no useful contribution to the desired boron-
vacancy combination process.

The simulation results also show that the energies
selected were not the optimal choices to enhance boron-
vacancy interactions. In each case the boron projected
range (R ) is approximately 15—35% greater than the
maximum in the damage profile (RD ). For the maximum
number of boron-vacancy combinations R should coin-
cide with RD. In the case of a multienergy boron-only
implant, Rz for each energy should coincide with RD
from the previous energy implant.
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DEVICE FABRICATION USING ION IMPLANTATION 50
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FICx. 5. Schematic outline of the transistor structure.

To investigate the effectiveness of ion implantation for
electronic device applications, the sample implanted with
the full boron dose at low temperature (without a carbon
preimplant) was used to fabricate an insulated gate field-
effect transistor. (Due to its higher carrier concentration
the carbon preimplanted sample had promising device
potential. Unfortunately, the layer was destroyed in pro-
cessing and a direct comparison is not possible. ) This
structure was selected to eliminate the gate leakage prob-
lem observed in diamond metal-semiconductor field-effect
transistor fabrication. A circular geometry that consist-
ed of a central drain contact 400 pm in diameter, with
concentric 200-pm-wide gate and source contacts 1000
and 1600 pm in diameter, was chosen to eliminate the
need for a mesa etch. Removal of the Mo/Au contacts
used for the van der Pauw resistivity and Hall effect rnea-
surements, and of any residual damaged layers on the di-
arnond surface, was accomplished by again immersing
the sample in a boiling saturated solution of Cr03 in sul-

furic acid. The Ohmic source and drain contacts, con-
sisting of a bilayer structure of 10 nrn of Mo deposited on
the diamond and capped with 160 nm of Au, were defined

by a lift-off process' ' ' and annealed at 1223 K in a dry
hydrogen environment. The gate insulator, consisting of
an SiOz film approximately 100 nrn thick, was deposited
by indirect plasma-enhanced chemical vapor deposition
at a temperature of S73 K. The gate metal, also defined

by a lift-off process, was a 10-nm Ti/160-nm Au bilayer
structure. ' Ti was selected as the gate metal to provide
good adhesion to the gate insulator, with the Au cap to
prevent oxidation of the Ti and to lower the gate resis-

40
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t( Vg ——2
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Vg l6 Vg 1 Q

0 2 4 6 8 i0 i2 i4 i6 i8 20
Drain Voltage (V)

FIG. 6. Room-temperature transistor characteristics of the
device shown schematically in Fig. 5.

tance. All metallizations were deposited in an ultrahigh
vacuum system with a pressure during deposition of less
than 7 X 10 Torr.

A cross-sectional view of the resulting device structure
is shown in Fig. S. The room-temperature transistor
characteristics were then obtained for fixed gate voltages
VG between 0 and 12 V. As shown in Fig. 6, drain
current saturation is observed over the entire range of V&

and current pinch-off is achieved between gate voltages of
10 and 12 V. Additional details on the device fabrication
and performance are provided in Ref. 31.

CONCLUSIONS

It was shown that the sheet resistance of the implanted
samples agrees with the previous results, ' ' and that
the use of a carbon implant prior to boron implantation
produces an increase in the number of activated boron
atoms of almost two orders of magnitude over that ob-
tained with boron implantation alone. This is a direct
confirmation of the methodology developed in Refs. 1 —4.
It is shown, however, that the hole mobility in the carbon
plus boron co-implanted sample was significantly reduced
relative to the sample implanted with boron alone. The
sample implanted at 800 K had the highest sheet resis-
tance of all implanted samples (even higher than the low-
temperature carbon implant) and produced no measur-
able carriers. This result is in agreement with the nuclear
reaction profiling results in Ref. 14 that show that the im-
planted boron quickly migrates from the implanted re-
gion for a high-temperature implant. It is of interest to
investigate alternate procedures where multienergy boron
implants are used instead of carbon implants to produce
the vacancy-rich region for subsequent boron implanta-
tions, thereby replacing excess interstitial carbon atoms,
which can make no useful contribution to the desired
boron-vacancy combination, with additional boron inter-
stitials. It is clear that an extended annealing time at a
higher temperature would reduce the concentration of
defects in the active layer and improve both carrier mo-
bility and device performance. Nonetheless, it was
shown that effective transistor action can be obtained
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from a device based on the ion implantation procedures
utilized.
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