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n-type semiconducting diamond by means of oxygen-ion implantation
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By a judicious choice of implantation and annealing conditionsp-&ype conducting layer with activation
energy of about 0.32 eV has been created in oxygen-implanted diamond. This conclusion was reached as a
result of performing three similar implantations in identical, high-pufipe 11a) diamonds. They have been
implanted with O, C* and (B"+C™") ions to respectively create the same density and distribution of radiation
damage in each diamond. The density and distribution of dopant atoms were the same for- tardO
(B*+C")-implanted layers. After implantation at liquid-nitrogen target temperature, the diamonds were rap-
idly heated to 500 °C and maintained there for 30 min. Electrical measurements showed that #mel O
(B"+C") diamonds conducted orders of magnitude better than thénmPlanted diamond. Thermal-emf
measurements were used to determinend p-type conduction. The resistance behavior was in both cases
commensurate with that of a highly compensated, extrinsic semiconductor. After molen@antation
steps to lower the resistance further, Hall-effect measurements confirmed that this diamond béypene
conducting.

Semiconducting diamonds containing boron acceptors arabove the vacuum levét. This means that for any dopant
found in nature. They can also be grown or be generated bgtom which forms a shallow donor, the donor level must lie
means of ion implantatioh.The activation energy for hole higher than the vacuum lev&ssuming zero band bending at
conduction is 0.37 eV.Although substitutional nitrogen at- the surface Such an atom will be in a higher energy state
oms act as donors in diamond, their electronic energy level ithan it will be in when it is outside of the diamond. It is
situated at about 1.7 eV below the conduction bafitlis is  improbable that atoms like these will be incorporated within
too deep to allow substantiattype conduction at room tem- the diamond lattice during growth, unless driven in by large
perature. Over the years, many attempts have been made rionequilibrium events.
generate donor states in diamond with lower activation ener- Theoretically, oxygen atoms could form donors if they
gies. can be made to occupy substitutional sites within the dia-

Since diamonds have been grown by plasma-assistagiond lattice. This elemental gas can be injected into the
chemical-vapor depositiofPACVD), attempts have been plasma during PACVD growth of diamond with very few, if
made to incorporate phosphorus atoms substitutionally durany, of its atoms being incorporated into the bulk of the layer
ing growth. Although a high density of phosphorus could bebeing grown. It seems logical to conclude that an oxygen
incorporated into the bulk of the diamond, the requiredatom in the bulk, whether substitutional or interstitial, will be
n-type conduction could, for many years, not be obtainedin a higher energy state than it will be when outside.

Only recently, incontrovertible proof was obtained that dia- lon implantation injects ions, such that their correspond-
mond can be doped type by the incorporation of phos- ing atoms end up within the bulk of a material. They are thus
phorus during homoepitaxial growfhEvidence that dia- forced into sites with high formation energies. It is known
mond can also be doped by means &tiBn implantation  that when a diamond is implanted at a low enough tempera-
was obtained by using very low ion doseand by driving  ture (typically liquid-nitrogen temperatuyeand low enough
ion-implanted P atoms into a region containing a low densitydoses to prevent the formation of large stresses, the point
of vacancie$. It was, however, found that annealing at too defects created within the collision cascades become effec-
high a temperature deactivated the P-atom dohbrEhis  tively “frozen” into the positions they end up in after their
can be ascribed to vacancies diffusing to and becomingallistic movements? It may thus be possible that oxygen
trapped at the impurity sité€ Similar vacancy interactions atoms, that had been injected at low enough target tempera-
also occur in the case of nitrogen donbrs. tures, may find themselves in high-energy states relating to

The average activation energy measured for thesubstitutional and interstitial positions. If they could, such
phosphorus-doped diamond layers was about 0.5V, atoms would prefer to escape from the diamond crystal or to
which is still too high for room-temperature applications. relax into states with lower energies. In both cases, the pro-
Cathodoluminescence measurements indicate that the treesses will require atomic movements involving the scaling
ionization level is situated even deeper at 0.65 eV below thef activation barriers. Such processes are temperature depen-
conduction band.In order to develop usefuh-type elec- dent. By a judicious choice of the annealing temperature, it
tronic devices in diamond, an activation energy, which is aimay thus be possible to increase the density of those high
least comparable to or better than that for the boron acceptoenergy sites which act as shallow dopant levels within the
is preferable. It is known that diamond is a negative electrorband gap. It is clear that such a temperature must be rela-
affinity (NEA) material® If there is no band bending at the tively low. It should probably be lower than the temperature
surface, the bottom of the conduction band will #®.5 eV at which vacancies can start to diffuge 600 °C (Ref. 13]
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TABLE 1. lons, energies and doses used to implant three diamonds witfCO, and(C*+B™) ions,
respectively, such that the radiation-damage density and distribution will be the same in all three cases. The
coimplanted B diamond layer contained the same density and distribution of implanted B atoms as the
implanted O layer contained O atoms.

o* c* (Ct+B™)

Energy Dose Energy Dose Energy Dose Energy Dose

(keV) (cm™?) (keV) (cm?) (keV) (cm™?) (keV) (cm™?)
170 1.0<10" 130 1.5< 10 130 6.7 10% 102 1.0<10"
155 1.0<10" 120 1.5< 10 120 6.7 10% 93 1.0 101
140 1.0<10" 108 1.5< 10 108 6.7 10% 84 1.0<x 101
125 1.0<10" 98 1.5 1013 98 6.7< 101 76 1.0x 101
110 1.0< 10" 86 1.5x 1018 86 6.7 10 67 1.0x 101
95 1.0x 10 76 1.5x 1013 76 6.7x 10 59 1.0x 101
80 1.0x 10" 63 1.5x 103 63 6.7 10 48 1.0x 1013
65 1.0x 10" 51 1.5x 103 51 6.7 10 40 1.0x 1013
50 1.0< 101 40 1.5< 1013 40 6.7< 101 32 1.0< 101
35 1.0< 101 27 1.5< 103 27 6.7< 1012 25 1.0< 101

in order to prevent the latter defects from diffusing towill consist primarily of isolated vacancies. The*Gand
oxygen-donor states. Such vacancies may deactivate theéB*+C") diamonds should also contain the same density
states as happens in the case of nitrogen and phosphorus.and distribution of vacancies in addition to the band-gap
In order to test the reasoning above, three identical, highstates which relate to the presence of the oxygen and boron
purity (type Ila) diamonds were used in a comparative ex-atoms, respectively. Although the (B-C*) diamond also
periment. All three diamonds were first subjected to anneal&nded to show some hysteregig. 2), it was small com-
at 1600°C, and then boiled in an oxidizing solution of Pared to the C diamond. In contrast, the ©diamond
acid€? to clean them. Their faces, which were implanted,ShOWEd' W|th|n_ experimental error, no hysteresis within the
had identical sizes of 8 3.6 mn?. Each diamond was sub- temperature window used for the resistance measurements.
jected to the CIRA(cold-implantation-rapid-annealingRef. Vacancies can compensate boron accephdrg forming
12) implantation-doping routine, in which the implantations posml\gellgl charged states at1.2 eV above the valence
at liquid-nitrogen target temperatures were followed by rapid®@1d-""" It is also known that for the shallow implanted
thermal annealingRTA) to 500 °C, where they were main- d€Pths used in this studgee Fig. 1 many self-interstitial
tained for 30 min. The first diamond was implanted with 0 &toms will diffuse out of the layer before annihilating vacan-
ions. the second with Cions, and the third with both € C1€S: This effect becomes more important at low anneallr)g
and B ions. The ion energies and doses used are given ifemperatureS” If enough boron acceptors have been acti-

) 10U .
Table I. In each case, these energies and doses created, ¥ated in the (B +C™) diamond to generate hole conduction

cording to the simulation programrim,** exactly the same
amount and distribution of damage, as shown in Fig. 1. Fur-
thermore, the O diamond and the (B+C™) diamond con-
tained, according toriM, the same number and distribution
of implanted O and B atoms, respectively. Before doing the
doping implantations, the contact areas of the diamonds were
CIRA implanted using the same ions, respectively, in order
to create a range-profile of dopant atoms which increases
sharply as the surface is approached from the interior of the
diamond. It has been found that such implanted regions fa-
cilitate the preparation of ohmic contaéts.

The resistance behavior as a function of temperature for
the three diamonds is compared in Fig. 2. It is clear that both
the O" and the (B +C") diamonds had lower resistances
than the C diamond. Because all three diamonds should
have, within experimental error, nearly the same residual ra-
diation damage, the lower resistances can only be ascribed to %_0 01 02
the presence of the impurity atoms. The hysteresis observed
between the heating and cooling cycles for the dlamond
can be explained in terms of charge transfer between vacan- FiG. 1. Trim simulations of the density and distribution of the
cies that are in different charge statésThis is consistent vacancies and dopant atoms created in the collision cas¢ages
with the theory of the CIRA routin&® from which it is  suming a displacement energy of 35)e8ee Table | for the ion
expected that the residual damage, after annealing to 500 °@nergies and doses used.
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. . . . FIG. 3. The change in resistance behavior for three sequential
FIG. 2. A comparison of the electrical resistance behavior of the . .
three diamonds which were implanted according to the CIRA pro-CIR.A |mplantat!on anneals. The results measured on thend
S . N C*-implanted diamonds are shown. The corresponding data for the
cess, which included a rapid thermal anneal from liquid-nitrogen
temperature to 500°C. © C*, and (B"+C™") ions were used,
respectively. The filled data points were measured during heatings|ectrons. The deviation for thetype layer may thus be a
and the open data points during subsequent cooling of the subnoyement of the Fermi level from the first ionization level to
strates. the second. Alternatively, the first ionization level may be
even lower than 0.32 eV. Lower temperature measurements,
in the valence band, one will expect the doped layer to acwhich could not be done owing to equipment limitations,
like a highly compensated semiconductor. This is exactlyshould verify this possibility.
what is observed in Fig. 2. At low temperatures, conduction It is interesting to note that the ‘Odiamond had an even
occurs with an activation of 0.37 eV, as expected for bororower resistance than the {B-C*) diamond. This may in-
acceptors, and at higher temperatures the activation energlcate that more oxygen donors became activated than boron
increases owing to the movement of the Fermi level towardsicceptors. Alternatively, it may indicate that the electrons in
a position halfway between the acceptor and positive vathe conduction band have a higher mobility than the holes in
cancy state§’ When this data was plotted as a function of the valence band. Both possibilities may be occurring.
T~ Y4 no linear relationship could be obtained. This shows Further CIRA implantation steps were used to increase
that the change towards a steeper gradient with increasinfje density of activated dopant atoms. Although, the residual
temperature in Fig. 2 is not the result of variable-range-damage(in the present case the vacangialso increases, it
hopping conduction. Thermal-emf measurements, whilds known that this density tends faster towards a saturated
maintaining a stationary temperature gradient between thepper limit than the dopant density.The results for three
contacts, showeg-type conduction. identical CIRA stepgas described aboyen the O" and C
The thermal-emf measurements on thé @amond re- diamonds are compared in Fig. 3. Only the results measured
vealedn-type conduction. Furthermore, the behavior of thisduring cooling are displayed for the*Qliamond. It is clear
layer also corresponded to that of a highly compensatethat in both cases the resistances decreased after each step,
semiconductor. At low temperatures, conduction occurredut that the resistance for the"@liamond stayed orders of
with an activation energy of0.32 eV, while at higher tem- magnitude higher than for the ‘Odiamond. The linear be-
peratures the Fermi level started to move towards comperavior of the C-diamond layer during cooling can be ex-
sating acceptorlike states. Vacancies can accept electrons ptained by assuming that holes are excited from positive va-
form ND1 centerg™?? which are situated at least 3.2 eV cancies into the valence bafllt should be noted that after
below the conduction-band stateskat 0 or ~2.6 eV below each O-CIRA step, the diamond still conducted with an
the lowest band states. The results are thus commensuradetivation energy 0f0.32 eV at low temperatures, and that
with the formation of oxygen-related donor states situated athis behavior extended to higher temperatures as the number
~0.32 eV below the conduction band which are compen-of CIRA steps increased from one to three. This is exactly
sated by vacancies that accept electrons to form ND1 centerghat one will expect when the density of activated donor
Because the negative vacancy stati®1 centery lie  atoms increases faster than the density of compensating ac-
much further from the conduction band than the positiveceptor states. The (B+C") diamond showed similar behav-
vacancy levels lie from the valence band, the movement ofor owing to a faster increase in acceptor-density relative to
the Fermi level away from the dopant levels is expected tahe vacancy density.
occur at a higher temperature for thaype layer(O" dia- After the third step, the resistance of the oxygen-doped
mond than for thep-type layer. This is exactly the case in diamond was low enough that a Hall-effect measurement
Fig. 2. It should, however, be remembered that an oxygewrould be attempted. A van der Pauw configuration for the
atom at a substitutional site can theoretically donate twaontactd* was used. The Hall constant showedype con-

(B*+C™) diamond was similar to the Gdiamond data.
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duction that confirmed the thermal-emf measurement. The In conclusion, it is clear that-type layers can be gener-
density of electrons at room temperature and the mobility oated in diamond by means of oxygen-ion implantation and
these carriers were determined to le'5x 10" cm 2 and  low-temperature annealing. The activation energy of these
~40 cnf/V's. The latter value is acceptable for a layer con-donor states is comparable to, and tends to be even lower
taining a very high density of vacancies. It is estimated thathan, the activation energy for boron acceptors.

the residual vacancy density will decrease when MeV ion

energies are used to drastically increase the width of the

implanted layef® It is expected that such implantations The technical assistance of Mik Rebak, Rod Cruise, and
should improve the quality of these layers. These experiHenk van Heerden is gratefully acknowledged. The implan-
ments are currently in progress. Even though it is expectethtions were done by Henk van Heerden at the Schonland
that the oxygen donors will become deactivated for annealResearch Center, University of the Witwaterstand. This
above 600 °C, such doped layers, with lower compensatiostudy was part of a project on ion implantation for diamond
ratios, may be useful to generate electronic devices whicklectronics and was funded by De Beers Industrial Diamond
operate below this temperature. Division (Pty) Ltd.
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