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We have implanted sodium, phosphorus and arsenic into single crystal

type Ha diamond as possible n-type dopants. Particular emphasis was applied to

the implantation of sodium at different temperatures and doses; combined

implantation energies of 55 , 80 and 120 keV were used to provide a uniformly

doped layer over approximately 100 nm depth. The implanted layers exhibited

semiconducting behavior with a single exponential activation energy between 0.40

and 0.48 eV, as determined by temperature dependent resistance measurements.

A sample implanted to a concentration of 5-10 ̂  Na+/cm3 at 550 °C exhibited a

single activation energy of 0.415 eV over a temperature range from 25 °C to 500 °C.

Thermal annealing above 900 °C was found to remove implantation damage as

measured by optical absorption and RBS/channeling. However, concomitant

increases in the resistance and the activation energy were observed. Implantation

of 22Ne was used to introduce a damage density equivalent to the 23Na implant,

while not introducing an electrically active species. The activation energy and

electrical resistance were similar but higher than those produced by implantation

with sodium. We conclude that the electrical properties of the Na-implanted

samples were at least partly due to electrically active Na, but that residual

implantation damage was still important.
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INTRODUCTION

There are basically three methods for introducing dopants into the

diamond lattice. These are diffusion, in-situ doping during growth, and ion

implantation. Diamond converts to graphite above 1500 °C except at very

high pressures, but significant diffusion does not occur below this

temperature. In addition, the solubility of most dopants in diamond is low.

Therefore diffusion has limited applications for doping. In-situ doping is

useful for introducing boron or nitrogen; but expected n-type dopants such

as lithium, sodium and phosphorous have positive formation energies [1]

and therefore will not readily be included during growth. Diffusion rate and

equilibrium solubility can be overcome by introducing dopants by ion

implantation. Doping by implantation also allows precise control of the

dopant concentration and the depth. Patterning is possible by implantation,

thus eliminating the need for etching steps in device design which would be

difficult in diamond. Radiation damage produced by ion implantation is a

major disadvantage, and must be removed by annealing. In many of the

early implantation results, the electrical activation attributed to implanted

dopants may have been due to residual radiation damage.

RBS/channeling has been used to measure the lattice damage

created by low temperature implantation (room temperature or lower

where damage is frozen in). Almost complete recovery of the implantation

damage can be obtained for low doses, only partial recovery is possible for

intermediate doses, and graphitization occurs at high dose [2,3]. Because of

the limited implantation dose possible at low temperatures without

graphitization, and because of residual damage still remaining after



annealing, it was suggested that high temperature implantation, where

defects anneal out during the implantation, might be an effective way to

reduce the radiation damage and prevent graphitization. Although at high

temperatures (1100 °C), the implantation dose can be greatly increased

without graphitization, residual damage remains in the form of extended

defects[4].

Although considerable research has been done on boron doping by

implantation or during growth, little success has been published on the

introduction of n-type dopants, which are essential for many

microelectronics applications. Nitrogen is the only naturally occuring n-

type dopant in diamond, which is consistent with the fact that it is the only

n-type dopant predicted to have a negative formation energy [1]. However,

because of its deep donor level (-1.7 eV) [5], which is even greater than the

intrinsic gap of silicon, N is not useful for electronic applications.

Phosphorus is expected to prefer the substitutional site in the diamond

lattice where it should introduce a donor level around 0.2 eV [1]. Theoretical

considerations [1] have indicated that Li and Na should occupy interstitial

lattice sites in diamond, and thus also act as donors. Lithium has been

studied but, because it is a fast diffuser, it is unstable to annealing at high

temperature. Na is not expected to be as susceptible to this problem. Na has

a predicted energy level around 0.3 eV below the conduction band. Arsenic

is an n-type dopant in silicon and might be expected to perform the same

role in diamond.

We report results for implantation of Na, P and As into type Ha

single crystal diamond. We have measured electrical resistivity, optical

absorption and RBS/channeling as a function of implantation dose,

implantation temperature, and subsequent annealing.
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EXPERIMENTAL PROCEDURE

Several different atomic species were implanted into type Ha single

crystal natural diamonds cut and polished into 3x3x0.25 mm crystals.

Multiple energy implantations were performed in order to produce a broad

(100 nm), uniformly doped (5 1019 cm'3) layer. The implantation area was

electrically isolated from the crystal edges by a square mask which left a 0.5

mm unimplanted border around the circumference of the implanted

region. We note that the edges of some samples were six orders of

magnitude more conductive than the faces as a result of laser damage

introduce during cutting of the window. In previously reported work by

several groups, samples were implanted over the entire surface area and

contacts were placed on the corners or edges. This procedure resulted in

questionable results, because the resistance of the implanted layer was

measured in parallel with the resistance of the damaged edges. The

conductivity mechanism of the damaged edges in some cases dominated

the total conduction, resulting in an activation energy around 0.1 eV which

was thought to be due to residual radiation damage.

The preparation of good electrical contact to the implanted layer is

vital to making reliable measurement of the temperature dependent

resistance. The problem is two fold. First, the implanted layers in these

experiments are several hundred angstroms beneath the surface. In order

to make direct contact to the implanted region, this surface layer must be

removed. Second, a conducting layer must be provided for the contacts.

These two problems were overcome by implanting a high dose (~3»1016/cm2)

of B or Na, at suitable energy. This dose was sufficient to amorphize the



diamond over most of the implanted profile, with only the end of range part

of the implantation profile below the amorphization threshold. Annealing

at 950 °C converted the amorphous region into graphite. This graphite was

then etched away by boiling in chromic acid or by exposure to hot oxygen.

After etching, a thin, highly doped, conductive layer remained at the depth

of the prior implantation layer. Note that the boron implanted contact area

was so heavily doped that it acted as an impurity metal [6] so did not form a

p-n junction with the implanted layer. A current-voltage curve between two

spots showed no rectification. Both boron and sodium implantation

provided good ohmic contact to the implanted region. Thermal annealing

was performed under vacuum at 10"5 Torr in a tube furnace, or by rapid

thermal annealing under flowing argon. Optical transmission

measurements were performed in the UV-visible-infrared range. Standard

RBS/channeling was used to study residual damage in implanted single

crystals.

RESULTS

Sodium implantation: In order to achieve an almost uniform concentration

of sodium over a depth of 80 nm, a series of implantation energies were

used. The implantation temperatures and calculated sodium densities

(according to TRIM simulations) are shown in Table 1. To achieve a Na

density of 4.51019 cm'2, the doses were 91013 cm'2 at 55 keV, 1.3-1014 cm'2 at

80 keV and 3.0-1014 cm'2 at 120 keV. The vacancy density expected to

accompany the implantation is fairly flat, with the maximum density of 9

vacancies/nm3 well below the critical density of 12 vac/nm3 that is

associated with the creation of a stable (non-annealable) damage region [3].



Sample B3-A was implanted at 77 K and then warmed to room

temperature for analysis. Figure 1 shows that the sample demonstrated a

single exponential conduction mechanism as expected for a single

dominant impurity level with an activation energy of 0.41 eV. Thermal

annealing at 500 °C resulted in a slight increase in the activation energy

and a corresponding increase in room temperature resistance. The sample

was then subjected to an RTA to 1100 °C and held there for 2 seconds. It was

hoped that the RTA would provide recovery of radiation induced damage

without causing significant interstitial diffusion of the sodium. The result

was a marked increase in the resistance of the layer without significant

change in the activation energy. This type of result could only mean a

reduction in the number of available carriers. Figure 2 shows the UV-

visible transmission spectra for sample B3-A after the three anneal

conditions shown above. The reduction of absorption corresponds to the

recovery of implantation damage by the thermal annealing.

Sample Bl-B almost exactly reproduced the result of B3-A. Figure 3

compares the R(T) of Bl-B with that of B2-B, which was implanted with
22Ne, using the same implant specifications as for Na in Bl-B. The neon 22

isotope was used because it should result in an almost identical damage

cascade as sodium 23. Neon, being a noble element, should act as neither a

donor nor an acceptor. Therefore, the R(T) characteristic of the implanted

region should only be caused by the radiation damage and lattice distortion

due to the implanted neon. We find that the R(T) for a neon implanted layer

was similar but not identical to that resulting from a matching sodium

implantation. The room temperature resistance of the neon layer was an

order of magnitude higher than the sodium layer. After a 500 °C anneal,

the activation of the neon layer increased to 0.58 eV and the room



temperature resistance was two orders of magnitude higher. Note that the

sodium implanted layer was stable to annealing up to 550 °C. It is clear that

the sodium was producing some conduction mechanism that was unique to

sodium; however, this mechanism may somehow be related to damage

and/or lattice distortion.

Secondary ion mass spectroscopy (SIMS) was performed on samples

B3-A and B4-A after the high temperature (900 °C -1100 °C) anneal. No

measurable diffusion of the sodium from the implanted layer could be

detected. The most significant effect of the high temperature anneal was

most likely the removal of implantation damage by the recombination of

interstitial carbon with lattice vacancies. This was also suggested by

RBS/channeling results, which showed a significant difference in the

amount of damage recovery between annealing temperatures of 500 °C and

900 °C. The fact that the high temperature anneals seemed to destroy the

0.42 eV conductivity mechanism suggests that this mechanism is related to

the radiation induced damage rather than the interstitial sodium.

However, it could be the case that high temperature annealing is causing

the sodium to diffuse until it is trapped by a lattice defect.

Sodium was also implanted into samples held at 25 °C, 550 °C, and

910 °C, as listed in table 1. At 550 °C, we expect that the interstitial carbon

and sodium should be mobile. At 910 °C, we expect that lattice vacancies

should also diffuse; resulting in more effective recombination of carbon

interstitial/vacancy pairs. The initial R(T) results of the 77 K, 25 °C, and 550

°C implants were all identical and were basically stable to annealing up to

550 °C. The 910 °C implantation yielded different results than for the lower

temperature implantations. The resistivity was significantly higher and

the R(T) dependence showed two linear regions, indicating two different



activation energies. This same behavior was seen in the other samples after

annealing above 950 °C.

The 550 °C implantation into sample B3-B was repeated at double and

triple the original dose. The R(T) for these three different doses are shown

in figure 4. Increasing the dose resulted in a decrease in the activation

energy for the implanted layer. A decrease in room temperature resistance

was also observed. These two effects point to an increase in the effective

donor density.

Arsenic implantation: Arsenic, a monovalent donor impurity in silicon,

was implanted into single crystal diamond as listed in table 2. The sample

was held at 550 °C during implantation. The R(T) data shown in figure 5

indicates a single thermally activated conduction mechanism. The R(T)

behavior was stable to thermal cycling up to 500 °C. An average activation

energy of 0.41±.01 eV was obtained for six test runs. This result is identical

to that obtained for sodium implantation at the same dose and temperature.

Similar results were obtained for three other samples implanted at 600 °C.

Phosphorous implantation: Phosphorous should be a substitutional donor

impurity in diamond. A phosphorous doped layer was produced by

implanting at multiple energies as listed in table 3. Ths sample was held at

735 °C during implantation. An activation energy of 0.34 eV was observed

(figure 5).



CONCLUSIONS

Implantation of sodium into type Ha diamond produced a

semiconducting layer that was stable up to 550 °C. Assuming a

compensated donor level, this implantation produced a single well-defined

level 0.40 eV - 0.48 eV below the conduction band. The best results were for

sodium implanted at 550 °C. Implantation at this temperature produced

some annealing of the damage introduced by the implantation. It was

observed that annealing above 900 °C to remove the majority of the

implantation damage also drastically changed the electrical behavior of the

implanted layer. Implantation at 910 °C produced the same effect as low

temperature implantation followed by annealing.

For an implanted sodium concentration of 4.51019 cm"3 at 550°C, we

observed an activation energy of 0.42 eV and a room temperature resistivity

of ~106 £2cm. Assuming an electron mobility |ic = 10 cm2/V-s, this

corresponds to an electron donor level with about 10% compensation. Note

that, although the theoretical electron mobility in diamond is 1900 cm2/V-s,

actual mobilities are usually several orders of magnitude lower.

Implantation of neon 22, which is not expected to be electrically active

in diamond, produced a semiconducting layer of somewhat higher

resistivity and activation energy compared to similar sodium implants.

This is suggestive of a damage related conduction mechanism. However, it

is clear that the observed electrical conductivity is somehow dependent on

the implanted species. The presumably damage related conduction for the

neon implant began to disappear upon annealing to 550 °C unlike the

sodium implant which gave a stable conduction mechanism at this

temperature.



Implantation of arsenic at 550 °C produced a semiconducting layer

with an activation energy of 0.41 eV. The electrical behavior of this layer

was almost the same as that for a similar sodium concentration.

Phosphorous was implanted at 735 °C. A straight line was obtained for a

plot of ln(R) vs. 1C00/T which gave an activation energy of 0.34 eV.

Further work in this area will explore the use of other n-type

dopants, such as Li and F. Hall effect measurements will be used to check

the concentration and type of the carriers. Studies of the diffusivity and

solubility of n-type dopants should be pursued. The possibility of diffusing

the dopant beyond the damaged layer, perhaps using radiation-enhanced

diffusion via protons or electrons following the implantation, will be

explored. In this case, subsequent etching can completely remove the

damaged layer, thus enhancing carrier mobility.
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Table 1: Implantation of sodium.

Sample No.

B3-A

Bl-B

B4-A

B3-B

Fl

F3

B4-B

Sodium Density

4.5-1019 cm"3

4.51019cm"3

4.51019cm-3

4.51019cm-3

9.0-1019 cm"3

13.5-1019 cm"3

4.5-1019cm"3

Implant Temp.

77 K

77 K

25 °C

550 °C

550 °C

550 °C

910 °C

Table 2: Multiple energy implantation of arsenic into sample F2 at 550°C. Total

arsenic density is 4.5-1019 cm'3.

Implant Dose

2.8-1014 As+/cm2

1.0-1014As+/cm2

1.0-1014As+/cm2

0.51014As+/cm2

0.7-1014As+/cm2

Implant Energy

350 keV

250 keV

180 keV

125 keV

85keV

Ion Range

1150 ±170 A

770±i20A

610 ±100 A

435 ± 75 A

310 ±60 A
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Table 3 :-Multiple energy implantation of phosphorous into sample Gl at 735°C.

Total phosphorous density is 4.5-1019 cm"3.

Implant Dose Implant Energy Ion Range

3.561014 P+/cm2

1.67-1014P+/cm2

1.19-1014P+/cm2

175 keV

120 keV

80keV

1200 ±260 A

800 ±200 A

540 ±140 A
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Figure 1 : R(T) for sample B3-A annealed at 25 °C, 500 °C, and 1100 °C.
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Figure 2 : Optical transmission through sample B3-A after various anneals.
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Figure 3 : R(T) for sample Bl-B implanted with sodium 23, and sample B2-B

implanted with neon 22.
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Figure 4: R(T) for samples B3-B, Fl , and F3 implanted at 550°C to 4.5-1019, 9.0-1019,

and 13.51019 Na ions/cm3.
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CAPTION

Figure 1 : R(T) for sample B3-A annealed at 25 °C, 500 °C, and 1100 °C.

Figure 2 : Optical transmission through sample B3-A after various

anneals.

Figure 3 : R(T) for sample Bl-B implanted with sodium 23, and sample B2-B

implanted with neon 22.

Figure 4: R(T) for samples B3-B, PI, and F3 implanted at 550°C to 0.045,

0.090, and 0.135 Na ions/nm3.

Figure 5: R(T) for sample F2 implanted with As and Gl implanted with P.
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