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A B S T R A C T   

By placing a diamond in a H2 plasma and exposing it to air or overcoating it with Al2O3/SiO2, evaporated WO3, 
or other transition metal oxides a 2 dimensional, 2D, conductive hole gas forms on the diamond surface. Field 
effect transistors, FETs, made using this 2 D hole gas have the potential of replacing GaN FETs for use in high- 
power switching and high-frequency power applications. To achieve this goal, it is necessary to control the hole 
carrier density. When the carrier density is too high the device cannot be turned off and will have a low oper
ational drain voltage due to electric-field break-down of diamond. On the other hand, too low a carrier density 
results in limited drain current, reduced power handling capability, and high on resistance. For diamond surface 
FETs using Al2O3/SiO2 as a gate oxide a carrier density between 1 × 1013 to 6 × 1013 cm− 2 is the most desirable, 
depending on the intended operating voltage and the drain current density. 

This article discusses H-terminated procedure to controllably vary the carrier density from 1 × 1013 to 
6 × 1013 cm− 2. This is accomplished by varying the H-termination parameters; temperature, termination time, H2 
pressure, and the microwave plasma power. During termination the diamond surface is etched and the density 
and type of crystal sets that form on the diamond surface is determined by these parameters. A model is pre
sented of how the crystal step density and their character, single and double steps, can affect the carrier density.   

1. Introduction 

While O-terminated diamond is insulating, when the same surface is 
H terminated in a plasma formed in H2 it becomes conductive, as 
discovered by Landstrass in 1989 [1]. After many years of research it 
was generally agreed that the conduction was the result of transfer 
doping [2] where electrons leave the diamond and bind to materials 
deposited or adsorbed from the air on the diamond substrate. When 
electrons leave the diamond a positive layer of holes form in the dia
mond at its surface, which is mobile and makes a p-type conductive 
surface. Crawford [3] has a detailed discussion of the history of transfer 
doping. Several review articles have been published on the electrical 
properties of surface conductive diamond [2–5] including FETs oper
ating >2500 V [6]. 

Two semiconductor properties, carrier density, D, and mobility, μ, 
determine many of the characteristics of the surface field effect tran
sistor, FET. The on resistance, R, is inversely related to the product of the 
carrier density and mobility, R = 1/Dμ. The carrier density times the 
saturated velocity determines the maximum drain current, and the 

maximum operating voltage of the FET is inversely related to the carrier 
density. Control of the carrier density is crucial to match a diamond FET 
performance to specific an application. This article reports on control
ling carrier density by varying the temperature, and H-termination pa
rameters: time, microwave plasma power, and H2 pressure. The 
experiments discussed here were inspired by Stallcup and Perez’s report 
[7] on the effect of diamond’s temperature during H-terminate on 
crystal step formation. 

2. Experiment 

(100) diamond substrates used with these experiments were 7 × 7 
mm, 300 μm thick, and offcut 5 to 6◦ to the [011]. To obtain repro
duceable results the diamond and the plasma chamber used for H 
termination were cleared of impurities, Na, K, and non-diamond C [8]. 

2.1. H-termination recipes 

H-termination recipes, shown in Fig. 1, consist of three steps; 
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• Step 1. Plasma cleaning to remove gasses adsorbed on the diamond 
and chamber walls. 

The cleaning consists of pumping the chamber containing the dia
mond to <5 × 10− 6 hPa, <3.8 × 10− 6 Torr, back filling with 15 Torr of 
H2, and forming a plasma with 2 kW of microwave plasma power. The 
power and pressure are increased over a 2 min period to 145 Torr and 
5 kW and then immediately the power is shut off. The chamber is then 
again pumped to <5 × 10− 6 hPa.  

• Step 2. Establishing a consistent diamond surface for H-termination 
experiments. 

As in step 1 a 145 Torr, 5 kW plasma is generated and the pressure 
and power are held constant for 10 s.  

• Step 3. Experimental recipes. 

After the 10 s in step 2, one of 6 standard H-termination recipes were 
performed. They consist of ramps to the desired pressure and power 
levels over a 2 min period, which are then maintained at that pressure 
and power for an additional 2 min, after which the power is shutoff and 
the diamond is removed. See Fig. 1. Two additional nonstandard recipes 
were performed where the power is terminated after the 10 s in step 2 
and the other where the power and pressure are ramped to 0.5 kW and 
15 Torr in 2 min, after which the power is terminated. These 2 recipes 
are indicated by the red four-pointed star and the yellow five-pointed 
star respectively in Fig. 1. Details of the microwave powers, pressures, 
diamond temperature, and optical emission are given in Appendix A. 

2.2. Atomic layer deposition 

Once removed from the chamber the diamond is transported in dry 
nitrogen to an atomic layer deposition, ALD, unit where approximately 

18 nm of Al2O3/SiO2 is deposited on the diamond [9]. Details of the ALD 
deposition are given in Appendix B. After ALD the surface resistance de
creases over time when exposed to air. A delay time between ALD and 
electrical measurements of >3 days was used to ensure a stable resistance 
is recorded [8]. 

3. Experimental results 

The resulting carrier density, determined by Hall measurements, in
creases with the microwave power and diamond temperature for each 
recipe, as shown in Fig. 2. With the increase in microwave power the 
concentration of H atoms increases, which is discussed in Appendix A. A 
linear fit to the data is shown in Fig. 2 along with its equation. The esti
mated errors for the equation’s coefficients were calculated from the data 
without considering the estimated errors in the actual measurements. For 
the two nonstandard recipes where the power to the plasma was abruptly 
shut off after 10 s at 5 kW and after a 2 min ramp to 0.5 kW, the carrier 
densities are within the experimental error of the red recipe where the 
microwave power was maintained at 5 kW for 4 min and 10 s with a 
temperature of 645 ◦C. Since the diamond is offcut 5 to 6◦ to the [011], it 
exhibits anisotropic resistance with the lowest resistance along the [011] 
direction and the highest resistance along the [011] direction. This is the 
result of a higher carrier mobility along the crystal steps in the [011] 
direction [8]. The van-der-Pauw ratio, shown in Fig. 3, is the van-der- 
Pauw-measured resistance with the current flowing along the [011] di
rection divided by the measured resistance with the current flowing along 
the [011] direction. These measured resistances are not the actual resis
tance along the [011] and [011] directions. The actual resistances along 
the [011], R[011], and [011], R

[011], directions can be calculated from 
these van-der-Pauw measurements and are approximated by the (eq.) 

R[011]
/

R
[011] = (van − der − Pauw ratio)0.3 (eq.) 

For a van-der-Pauw ratio of ten the ratio of the actual resistances, 
R[011]/R

[011], is approximately two. Appendix C describes the resistance 
measurement using van-der-Pauw structure and more detailed 

Fig. 1. Microwave plasma power as a function of time and diamond temper
atures during the last 2 min of termination for six H-termination recipes. Two 
additional nonstandard recipes are shown by a red four-pointed star and a 
yellow five-pointed star. The green power curve is the same for all recipes and 
each recipe has its own color that is used in the following graphs to indicate the 
recipe for that data point. Measurements of the diamond temperatures are 
discussed in Appendix A. 

Fig. 2. Carrier density as a function of the diamond temperature for the last 
2 min of termination for each recipe. The line and the equation are a linear fit to 
the data, with D being the carrier density as a function of T, the temperature. 
Note that the carrier densities for the nonstandard recipes, four and five pointed 
star symbols, do not follow the curve, but have comparable carrier densities to 
the red 5-kW 645 ◦C recipe. The Table in Appendix D contains the data for this 
and the following graphs. 
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calculations can be obtained in references [8,10,11] As the microwave 
power increases with each recipe, the surface resistance decreases for 
both R[011] and R

[011], with R
[011] always being less than R[011], as shown 

Fig. 4. Line curves and equations to fit R[011] and R
[011] data are shown in 

Fig. 4. Fig. 5 shows the carrier mobility in the [011] direction as a 
function of carrier density. The mobility generally decreases with 
increasing carrier density. A power fit to the data has the mobility 
proportional to the carrier density to the − 0.25 ± 0.10 power. For 
comparison the dotted curve is the mobility as a function of carrier 
density for H-terminated air-activated diamond and is proportional to 

the − 0.42 power of the carrier density [8]. The ALD Al2O3/SiO2 coated 
diamonds, with few exceptions, give a higher mobility than air activated 
diamonds with the same carrier density. Fig. 6 shows R

[011] resistance as 
a function of termination temperature, also shown in Fig. 4, but with 
error bars and the two nonstandard recipes. The two nonstandard rec
ipes result in resistances that are within the experimental error of dia
mond terminated at 645 ◦C, 5 kW. The line curve and equation fit to 
R

[011] data are shown. The estimated errors for the equation’s coefficients 
were calculated from the data without considering the estimated errors 
in the actual measurements. 

Fig. 3. Van-der-Pauw ratio as a function of diamond temperature during the 
last 2 min of termination. The curve is a second order polynomial fit to the data. 
The Table in Appendix D contains the data for this graph. 

Fig. 4. The surface resistance in the [011] direction, R[011], shown by squares 
and in the [011] direction, R

[011], shown by circles as a function of diamond 
temperature, T. The curves are a fit to the data using equations in the figure. 
The resistance was calculated from the van-der-Pauw ratio using equations in 
Appendix C [8]. The Table in Appendix D contains the data for this graph. 

Fig. 5. Carrier mobility in the [011] direction as function of carrier density. 
The color of the data points corresponds to the color of the recipes and tem
perature in Fig. 1. The red curve is a power fit to the data. For comparison the 
dotted line is a power fit to mobility vs carrier density for air activated diamond 
[8]. The Table in Appendix D contains the data for this graph. 

Fig. 6. Resistance along the [011] direction, R
[011], as a function of diamond 

temperature. The equation is a fit to the data. The resistances for the two 
nonstandard recipes are shown by the red four-pointed and yellow five-pointed 
stars. One of the resistance measurements at 357 ◦C was not graphed as dis
cussed in the Table in Appendix D. 
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4. Crystal surface 

This work was inspired by Stallcup and Perez’s 2001 report [7] on the 
surface morphology of diamond as a function of substrate temperature 
during H termination. When the diamond substrate is terminated at 
1000 ◦C, shown in Fig. 7(a), the density of crystal steps is defined by the 
offcut angle. However, as shown in Fig. 7(b), when terminated at 200 ◦C 
the step density increases by more than an order of magnitude and any 
correlation to the offcut angle is difficult to see. Initially they attributed 
the differences in surface morphology to anisotropic atomic-H etching at 
1000 ◦C and isotropic etching at 200 ◦C. However, in a later publication in 
2007 [12], they attributed defects and etch pits in the diamond to surface 
stress generated by dihydride formation where regions on the diamond 
surface bind two H atoms instead of one for every surface C atom. The 
dihydride does not form at high temperature, but at temperatures 
≤500 ◦C the dihydride does form. Thoms [13] and Koleske [14] found 
that even for a diamond at 80 ◦C atomic H is still reactive on the diamond 
surface. Y. Yu et al. [15] modeled dihydride structures on diamond and 
found that troughs or crystal steps in the diamond surface are required to 
stabilize the dihydride formation over other possible structures. 

By changing the H2 pressure and the microwave plasma power, as re
ported here, the substrate temperature was varied from 722 to ~218 ◦C. At 
high power and temperature we believe the H-terminated diamond surface 
is like that shown in Fig, 7(a) and at lower powers and temperatures the 
diamond surface is like that shown in Fig. 7(b). It is speculated that the 
negative charges in the Al2O3/SiO2 overcoating, which are necessary to 
generate carriers on the diamond surface, are associated with a specific 
single step [8], SB. Examples of which are shown in Fig. 7(a). The lower 
carrier density obtained with low-power and -temperature termination 
implies the depletion of the density of steps responsible for surface carriers. 

Similar results with H-termination of (100) Si were reported by 
Boland [16,17] and others [18]. At high temperatures, >335 ◦C, the 
surface is similar to Fig. 7(a) and at low temperatures, 33 ◦C, where the 
dihydride is stable, the resulting surface is shown in Fig. 8, which is 
similar to Fig. 7(b). The dihydride generates a confused surface with 
many steps consisting of mono, di, and trihydrides. For Si the presence of 
the dihydride also correlates with the etching of the Si surface and at 
higher temperatures where the dihydride does not form the etching rate 
of Si was too low to measure [16,17]. Boland reports that the mono
hydride forms quickly and the dihydride takes minutes as the surface is 
etched and new crystal steps are generated. 

It appears for diamond H-termination there can be two time con
stants; the time required to H terminate the diamond surface with a 
monohydride, and at low-temperatures the termination time required 
for the crystal steps to equilibrate with the surface etching and generate 
steps to stabilize dihydride formation. The carrier densities and re
sistances are experimentally the same for a diamond H-terminate for 
10 s and another terminated for 4 min and 10 s both with 5-kW of mi
crowave power, 145 Torr of H2 and at 645 ◦C. At that power and pres
sure enough H atoms will impinge on the diamond surface to form a 
monolayer of H atoms in less than a microsecond. In addition, the 2-min 

Fig. 7. (a) (100) Scanning tunnel microscope, STM, image of a diamond surface after termination with atomic H for 5 min at 1000 ◦C [7]. In addition to the 0.089-nm 
SA and SB single crystal steps, double steps, DA, with a height of 0.18-nm are present. We estimate from the photograph that surface is offcut ~0.6◦ to toward the 
[010]. (b) The same or a similar diamond shown in panel (a) after termination at 200 ◦C for 5 min. 
Reprinted with permission from J. M. Perez, Phys. Rev. Lett. 86 (2001) 3368–3371; Copy right 2021 American Physical Society [7]. 

Fig. 8. STM image of the Si(100) surface following a large dose of atomic H at 
33 ◦C [16]. 
Reprinted with permission from J. J. Boland, Surf. Sci. 261, (1992) 17–28 
Copyright 1992, with permission from Elsevier. 
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power ramp down to 0.5 kW and a lower temperature is insufficient time 
to result in a measurably lower carrier density or higher resistance. Thus 
the reduced carrier density, shown in Fig. 2, and increased resistance, 
shown in Fig. 6, is the result of the 2-min soaking at 0.5 kW and not the 
power ramp from 5 to 0.5 kW. Boland found the same results with Si, 
where H termination is fast, but at low temperatures it took several 
minutes for the surface morphology to come to equilibrium with the 
plasma environment and generate di- and trihydrides [16,17]. 

When the power and pressure are varied as reported here, the elec
tron and gas temperatures also vary as well as the concentration of 
atomic H. We are attributing the change in carrier density and resistance 
to the substrate temperature because of the results of R. E. Stallcup II and 
J. M. Perez results [7,12]. 

5. Electrical properties 

The surface carrier density is an important parameter determining 
FETs’, maximum drain current, operational voltage, and frequency 
response. Consider the maximum carrier density for a FET using a gate 
oxide of Al2O3. Although Al2O3 can sustain electric fields has high as 30 MV 
cm− 1 [19] for practical devices and for gate oxide thickness > 5 nm the 
maximum operational field is from 5 to 10 MV cm− 1. Assuming a dielectric 
constant of 10 then the maximum carrier density is from 3 × 1013 to 
6 × 1013 cm− 2. At higher carrier densities, >6 × 1013 cm− 2, a depletion 
mode FET cannot be turned off before the high electric field damages the 
gate oxide. The maximum carrier density times the saturated velocity from 
1 × 107 [20] to 1.4 × 107 cm s− 1 [21] gives a maximum drain current from 
5 to 13 A mm− 1. For carrier densities <1 × 1013 cm− 2 the drain current is 
limited to <2 A mm− 1. The problem in realizing these high current den
sities is fabricating a FET without degrading the diamond’s surface con
duction. Fig. 9 shows several published carrier densities as a function of 
surface resistance for diamond and AlGaN/Ga [22] semiconductors. The 
carrier densities reported by Todjman [17] and Verona (111) [25] are too 
high for a depletion mode FETs and Sesame (111)’s density, preprint 
report, reference 24, is too low, limiting the drain current <1.5 A mm− 1. 
The red curve is the carrier density as a function R

[011] surface resistance for 
the data presented here. 

6. Summary 

The diamonds used in these experiments are cutoff 5 to 6◦ to the 
[011] axis, which will generate crystal steps that tend to run parallel to 
the [011] direction. For diamonds terminated at high temperature the 
carrier mobility and conductance along the [011] direction is higher 
than along the [011] direction. However, for low-temperature termi
nation the resistance is more isotropic, see Fig. 4, as would be expected 
for the chaotic crystal steps shown in Figs. 7(b) and 8. 

The carrier density of H-terminated diamond overcoated with Al2O3/ 
SiO2 can be controllably varied from 1 × 1013 to 6 × 1013 cm− 2 by 
controlling diamond temperature during H-termination. In Fig. 1 a 
diamond that was quenched after 10 s at 5 kW and another diamond 
ramped from 5 kW to 0.5 kW after 10 s at 5 kW and then quenched, have 
the same electrical properties to within experimental error as the di
amonds H-terminated for 4 min and 10 s at 5 kW, all at 645 ◦C during 
termination. This implies that after 10 s at 5 kW that all the diamonds in 
these experiments were already in a steady state and the power ramp 
had no measurable effect on the diamond electrical properties. The 
comparatively short time for a steady-state H-termination is believed 
due to the high diamond temperature and the efforts to maintain a clean 
system. It appears that at lower termination powers and temperatures it 
takes longer to reach a steady state as found for Si by Boland [16,17]. 
The change in electrical properties is solely due to the 2-min H termi
nation after the power ramp. After repeated H-termination experiments 
the diamond can become pitted, but empirically this has not affected the 
electrical results to the level of accurate obtained in these experiments. 

From the previous work of Stallcup and Perez [7,12] we believe the 
change in carrier density is the result of the diamond substrate’s tem
perature during termination. At low temperatures dihydride regions form 
on the diamond surface during termination. This surface stress generated 
by the dihydride promotes local etching of the diamond generating new 
crystal steps. Some of which are shown in Fig. 7(a). There are several 
kinds of crystal steps that can form each with their own chemical prop
erties [8]. The removal of crystal steps responsible for generating nega
tive surface charge in the Al2O3/SiO2 with lower H-termination 
temperatures would reduce the carrier density and increase resistance. In 
spite of the large variation in carrier densities with termination param

Fig. 9. Graph showing reported surface resistances and carrier densities of H-terminated diamond from the literature and the data reported here. Lincoln* is an 
average of 10 diamonds. Surface conduction of AlGaN/GaN is shown for comparison. AlGaN/GaN [22], Tordjman [23], Lincoln (100) [8], Sasama (111) [24], and 
Verona (111) and Verona (100) [25]. 
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eters the mobility is comparatively constant. At present it is unknown 
what fraction of the diamond surface carbon atoms after H-terminated 
are terminated with three, two, one, or no H atoms. The techniques, high- 
resolution electron-energy loss spectroscopy (HREELS [26]) and multiple 
internal-reflection infrared spectroscopy (MIRIRS [27]), have the po
tential to determine the density of H and its distribution. 

Controlling the carrier density is a requirement to optimize the perfor
mance of diamond FETs. At carrier densities >6 × 1013 cm− 2 FETs cannot 
be turned off and at densities <1 × 1013 cm− 2 the maximum drain current is 
limited to <2 A mm− 1, limiting diamond FET performance. In general the 
carrier density determines the maximum operating voltage, the maximum 
drain current and the frequency response of a FET and therefore is crucial in 
determining the FET performance for a specific application. 
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Appendix A. Hydrogen plasma properties and measurements 

Since diamond is not optically opaque between 2 and 2.4 μm, where our optical pyrometer operates, the temperature measurements are incon
sistent with the diamonds used in these electrical measurements. To avoid this problem a standard 10 × 10-mm polycrystalline black diamond was 
used in separate temperature experiments and we assume that under the same conditions the clear diamonds use for electrical measurements were at 
the same temperature as the standard. Temperatures were measured by an optical pyrometer above 475 ◦C and below 475 ◦C the temperature is 
bracketed by high and low temperature limits, using temperature-indicating lacquers placed on the back of the standard diamond. When the tem
perature exceeds the lacquer’s design temperature the lacquer melts, forming a smooth surface when cooled. If the design temperature is not exceeded 
the surface of the lacquer remains rough when the diamond is cooled. Fig. A.1 shows the diamond’s temperature as a function of plasma power. The 
average temperature between the high and low measurements is used in the text of the article. 

As the microwave power is decreased the plasma changes it character. If the pressure is kept at 145 Torr and the microwave power is decreased the 
plasma ball moves away from the diamond being H-terminated. At power levels less than 2 kW the plasma is extinguished. To avoid these problems the 
H2 pressure was decreased as the microwave plasma power was reduced. The Table below shows the pressures and microwave powers used in this 
report along with the temperatures and intensities of some selected spectrum lines. The light from the plasma was monitored with an optical fiber and 
spectrometer looking down through the plasma on to the diamond substrate. The line intensities were measured by recording the light intensity at the 
specific wavelength and then subtracting the estimated background intensity. The resulting value was then corrected for the spectrometer response. 
Estimating the electron temperature using the light intensities of Hα and Hβ or determining the H concentration by Ar actinometry [1] is not accurate 
at the pressures used in this report [2,3]. However some understanding can be obtained from Fig. A.2, showing the spectrum intensity for 6- and 0.5- 
kW microwave plasma. For the pressures used here, Hα and Hβ light emission is from excited H atoms generated by electron impact on neutral H atoms 
and Fulcher lines are generated by electron impact on molecular H2. At low power and pressure, 0.5 kW and 15 Torr, the Fulcher lines are comparable 
to Hα and Hβ indicating a high percentage of molecular H2 in the plasma. However, as the power and pressure are increased the plasma ball becomes 
smaller and the plasma becomes more intense. At 6 kW and 145 Torr the Fulcher lines are barely visible above the background spectrum. Hα and Hβ 
intensities increase by a factor of ~10 and ~5 respectively with a power increase from 0.5 kW to 6 kW. Indicating that the concentration has H in
creases at the expense of the H2 concentration. Similar observations can be made from the molecular emission from 250 to 450 nm, which decreases 
with increasing power and pressure.  

Table 
The microwave power and pressure used for H termination. The resulting temperature, atomic intensities of Hα, Hβ, Hγ, and the most intense molecular peak of Fulcher 
emissions lines are tabulated. The optical intensities are corrected for the spectrometer spectral response.  

Microwave power & pressure 
(kW)/(Torr) 

Temperature 
(◦C) 

Average temperature 
(◦C) 

H2 pressure 
(Torr) 

Hα intensity 
656 nm (arb) 

Hβ intensity 
486 nm (arb) 

Hγ intensity 
434 nm (arb) 

Fulcher 
581 nm (arb) 

6.0/145 722 722  145  43,100  2700 240  226 
5.0/145 645 645  145  32,500  2070 180  205 
3.5/50 399–425 412 ± 13  50  18,300  1390 <100  1030 
2.0/40 343–371 357 ± 14  40  12,500  1040 –  1393 
1.0/20 246–343 294 ± 48  20  6380  590 –  1250 
0.5/15 191–246 218 ± 27  15  4450  400 –  898        
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Appendix B. Atomic layer deposition, ALD 

After termination the diamond was overcoated with Al2O3/SiO2 by atomic layer deposition, ALD. The ALD system is preconditioned by heating it 
to 375 ◦C and depositing 2 nm of Al2O3 using trimethylaluminium (TMA), Al(CH3)3, and H2O. Using a load lock the diamond is transferred into the 
system. After ~4 min, when the diamond is ~150 ◦C, 1 cycle of H2O and TMA and 1 cycle of H2O and BDEA, Si(N(CH2CH3)2)4, are performed. The 
diamond then heats up to the chamber temperature, 375 ◦C, over a 20 min period, after which ~18 nm is deposited with 200 cycles of H2O and TMA. 

Appendix C. Resistance measurements 

Fig. C1 shows a Hall probe used to measure resistance, carrier density, and mobility. The gold plated clips have no problem contacting through the 
Al2O3/SiO2 as it poorly adheres to the H-terminated diamond. The resistance between any two clips is ohmic and varied from 8 to 30 kΩ For normal 
operation a current of 100 μA and a magnetic field of 1 T were used to make these measurements. Mounting and unmounting a diamond several times 
gave a resistance variation of 3%. 

Resistance, carrier density, and mobility were measured on ten diamonds over a period of several months to determine the consistency of these 
measurements. The diamonds were H-terminated at 6 kW of microwave plasma power and over coated with Al2O3/SiO2 by ALD. Electrical mea
surements were performed more than 72 h after ALD. The average values with their standard deviation are: resistance 1.77 ± 0.3 kΩ sq− 1 (±17%), 
carrier density 4.77 × 1013 ± 0.72 (±15%), and mobility 74 ± 9.2 cm− 2 V− 1 s− 1 (±12%). 

Fig. A.2. Spectrum of emitted light as a function of wavelength for two microwave power 
levels, 6 kW at 145 Torr and 0.5 kW at 15 Torr. The spectrum is not corrected for spec
trometer response.  

Fig. A.1. Diamond temperature as a function of microwave power. For temperatures above 
475 ◦C an optical pyrometer is used and below 475 ◦C the temperature is bracket by the 
highest and lowest temperatures using temperature-indicating lacquers. The average tem
perature between the highest and lowest limits is also displayed.  
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Basic van-der-Pauw parameters 

The clips show in Fig. C1 are numbered 1, 2, 3, and 4. When a current, I12, is passed from clip 1 to clip 2, a voltage, V43, is measured across clips 3 
and 4 and the resistance R12,43 is defined by abs[V12/I43]. Similarly, R21,34 equals abs[V21/I34] with the current flow the in opposite direction, from 
clip 2 to clip 1. The van-der-Pauw ratio, PRatio is defined by Eq. (C1). 

Pratio =
R12,34 + R21,43 + R34,12 + R43,21

R14,32 + R41,23 + R23,41 + R32,14
(C1) 

The surface resistance in the [011] direction, R[011] is approximated by Eq. (C2) [4,6] and in the [011] direction R
[011] by Eq. (C3). 

R[011] ≈ RsP0.3
ratio (C2)  

R
[011] ≈ RsP− 0.3

ratio (C3)  

where RS is the van-der-Pauw sheet resistance and is related to the measured parameters R1 and R2 by Eq. (C4). R1 and R2 are defined by Eqs. (C5) and (C6). 

e− πR1/RS + e− πR2/RS = 1 (C4)  

R1 =
(
R12,34 +R34,12 +R21,43 +R43,21

)/
4 (C5)  

R2 =
(
R14,32 +R32,14 +R41,23 +R23,41

)/
4 (C6)  

Appendix D. Experimental data 

The Table of experimental data with sample number, temperatures during termination, microwave power and pressures, van-der-Pauw (VDP) 
ratios, VPD resistances, resistances in the [011] and the [011] directions, carrier densities and mobilities in the [011] and the [011] directions. Note 
some diamonds have been used twice, which does not measurably affect the results. The errors for temperature are half the difference between low and 

Fig. C1. Photograph of a 4.5 × 4.5 mm diamond mounted for resistance and Hall measurements on a Hall probe. Gold plated clips make ohmic contacts to the 
diamond. 7 × 7-mm, 0.3-mm thick diamonds were used in these experiments. For this example assume the diamond is mounted with the [011] axis is parallel to the 
line drawn from clip 2 to clip 3 clip, and the [011] axis is parallel to a line drawn from clip 3 to clip 4.  

Exp. 
# 

Sample High temp. 
(◦C) 

Low 
temp. 
(*C) 

Ave. 
temp. 
(◦C) 

Micro. 
power 
kΩ 

Press. 
(Torr) 

VDP 
ratio 

RS VDP 
kΩ 

R[011]
kΩ  

R[011] 
kΩ 

Carrier density 
(1013 cm− 2) 

Mobility 
[011]
(cm2 V− 1 s− 1)  

Mobility 
[011] 
(cm2 V− 1 s− 1) 

1 D302 246 191 218 ± 27 0.5 15  1.01 6.50 ± 1.1 6.50 ± 1.11 6.50 ± 1.11 1.05 ± 0.16 91.2 ± 10.9 91.0 ± 10.9 
2 D301 246 191 218 ± 27 0.5 15  1.25 7.00 ± 1.20 6.75 ± 1.14 7.25 ± 1.23 0.86 ± 0.13 106.5 ± 12.8 99.6 ± 12.0 
3 D202 343 246 294 ± 48 1 20  1.25 4.59 ± 0.78 4.38 ± 0.74 4.8 ± 0.82 1.53 ± 0.23 90.0 ± 10.8 84.1 ± 10.1 
4 D201 343 246 294 ± 48 1 20  1.54 5.62 ± 0.96 5.09 ± 0.87 6.22 ± 1.05 1.31 ± 0.92 76.8 ± 9.2 67.5 ± 8.1 
5 D402 371 343 357 ± 14 2 40  1.42 3.59 ± 0.61 3.4 ± 0.58 3.79 ± 0.64 2.01 ± 0.30 91.2 ± 10.9 82.1 ± 9.8 
6 D106 371 343 357 ± 14 2 40  1.35 6.52 ± 1.11 6.22 ± 1.06 6.83 ± 1.16 – – – 
7 D302 425 399 412 ± 13 3.5 50  1.47 3.72 ± 0.63 3.50 ± 0.60 3.95 ± 0.67 2.07 ± 0.31 91.4 ± 11 81.4 ± 9.8 
8 D201 425 399 412 ± 13 3.5 50  1.61 3.66 ± 0.62 3.40 ± 0.57 3.94 ± 0.67 4.09 ± 0.61 48.3 ± 5.8 41.8 ± 5.0 
9 D102 645 645 645 5 145  4.79 2.50 ± 0.45 1.96 ± 0.32 3.19 ± 0.54 3.04 ± 0.46 106.3 ± 12.8 66.4 ± 8.0 
10 D301 645 645 645 5 145  8.05 2.63 ± 0.45 1.90 ± 0.32 3.63 ± 0.62 3.74 ± 0.56 77.9 ± 9.4 41.7 ± 5.0 
11 D202 722 721 722 6 145  6.23 2.24 ± 0.38 1.68 ± 0.29 2.98 ± 0.51 5.57 ± 0.84 63.7 ± 7.6 36.8 ± 4.4 
12 D104 722 721 722 6 145  4.5 2.59 ± 0.44 2.05 ± 0.35 3.28 ± 0.56 5.31 ± 0.80 71.9 ± 8.6 45.8 ± 5.5 
13 D106 

quench 
– – – 0 –  4.61 2.77 ± 0.47 1.94 ± 0.33 3.95 ± 0.67 4.11 ± 0.61 98.6 ± 11.8 62.3 ± 7.5 

14 D301 
ramp 

– – – 5 to 0.5 145 to 
15  

2.57 2.44 ± 0.41 2.12 ± 0.36 2.81 ± 0.48 4.62 ± 0.69 63.9 ± 7.7 48.2 ± 5.8   
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high temperatures in the table. The resistance, carrier density, and mobility errors are estimates from previous measurements discussed in Appendix C, 
±17% for resistance, ±15% for carrier density, and ±12% for mobility. The results of experiment 6, D106 at 357 ◦C, were not used in the analysis as 
the Hall measurements were not reproduceable and noisy and the resistance is substantially above the measured resistance of experiments 3, 4, same 
experimental condition 5, 6 and 7. 
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