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Obtaining ohmic contacts on n-type diamond is a very 

compelling concern in the framework of designing power 

electronic devices. The present contribution considers a 

new technological process combining microstructuration 

and highly phosphorus-doped overgrowth to investigate 

quasi-ohmic contacts on (100) phosphorus doped diamond. 

For now, the two processes were tested on (100) and (111) 

diamond single crystal substrates. The results are exposed 

and discussed. 
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1 Introduction As a semi-conductor, diamond is an interest-

ing material to use for next generation power electronics, 
ultraviolet light emitting diodes as well as electron emitters 

[1,2]. Since the first demonstration of fabricating n-type di-

amond with phosphorus as a donor [3], continuous progress 
has been made toward improving the substitutional dopant 

incorporation, as well as the global electrical performances 
of this material. While high conductivities are starting to be-

come suitable for the (111) orientation of phosphorus-doped 

diamond, being as high as ~10-2 Ω-1.cm-1, for doping levels 
of ~1020 at.cm-3[4], the fabrication of (111) oriented dia-

mond devices is limited by the substrate cost, the size and 
the difficulty of polishing on this orientation. These setbacks 

do not apply to (100) oriented diamond, which so appears 
more suited for large scale applications, even when the sub-

stitutional phosphorus doping and the electrical conductiv-

ity on this orientation both fall behind those of the (111) ori-
entation.  

A critical aspect of fabricating phosphorus doped n-type di-
amond based devices is the contact resistivity of the metal/n-
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type diamond junction. At this junction, a high Schottky bar-

rier for the electrons is observed whatever be the metal used 
[5]. It significantly increases the series resistance of any pos-

sible n-type diamond-based device. This particular problem 

can be solved by using an over-doped layer that reduces the 
spatial extension of the Schottky barrier, allowing the elec-

trons to flow through the junction by tunnel effect. Teraji et 
al. [5,6] have demonstrated the possibility of creating a se-

lectively overgrown highly phosphorus doped diamond epi-

layer on top of (111) lightly phosphorus-doped layers by us-
ing a mask for the selective overgrowth. This way, they 

achieved quasi-ohmic contacts. Later on, Kato et al. [7] 
adapted this principle to the (100) orientation of diamond by 

using a microstructuration process based on trenches 
aligned along the [110] direction using lithography and 

digged with an inductively coupled plasma (ICP) etching 

method. They were able to selectively overgrow highly-
phosphorus doped diamond on (100) in the (111) growth 

sectors developing from the bottom corners of those 
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trenches, to obtain quasi-ohmic contacts with a low specific 
contact resistivity. 

Another kind of microstructuration is possible to locally ob-

tain (111) oriented surfaces on the main (100) diamond ori-
entation. Smirnov et al. [8] and Mehedi et al. [9] have shown 

that the deposition of a thin nickel film followed by anneal-
ing at about 900°C in a hydrogen atmosphere caused the 

dewetting of the nickel layer into nickel particles, and the 

catalytic etching of diamond until the formation of inversed 
pyramidal shaped holes.  

In the present work, we investigate the Ni-catalyzed micro-
structuration of (100) oriented diamond. In parallel, we have 

determined a set of growth parameters giving high-phospho-
rus incorporation and high conductivity on (111) surfaces. 

Finally, we combined these techniques to selectively grow 

highly-phosphorus doped diamond inside the inverse pyra-
mids of a (100) micro-structured diamond surface. 

2 Experimental 

 
2.1 Nickel deposition and hydrogen plasma 

etching on the (100) diamond surface Type Ib HPHT 
monocrystalline 3x3x1.5 mm3 (100) diamond substrates 

were purchased from Sumitomo. A nickel layer was depos-

ited on the top half of a substrate, namely Ni-2 (Fig. 1), by 
using an Edwards Auto 306 vacuum thermal evaporator, 

with a thickness range between 10 and 45 nm. 

This sample was then exposed to a hydrogen plasma 

during 30 minutes in a Plassys BJS150 micro-wave plasma-

assisted chemical vapour deposition (MPCVD) reactor with 
the following parameters for the temperature, pressure, mi-

crowave power and hydrogen flow: 960°C, 125 mbar, 3000 
W and 100 sccm. This resulted in the etching of diamond by 

Ni particles as shown in SEM image of Fig.2.a. The nickel 
particles were subsequently removed from the microstruc-

tures by chemical etching in a solution of 70% nitric acid 

during 30 minutes at 200°C, as shown in Fig.2.b. 

 

Figure 1 Optical microscopy with a Nomarski filter of sample Ni-

2 after nickel deposition. The nickel layer was deposited on the left 

side of the sample. 

(a) After hydrogen plasma 

 

(b) After chemical etching 

 

Figure 2 SEM images of the Ni-covered part of sample Ni-2 (a) 

after 30 min of hydrogen plasma exposure (960°C, 125 mbar, 3000 

W and 100 sccm H2 flow) and (b) after 30 minutes of chemical 

etching (30 min in 70% nitric acid at 200°C). 

2.2 Growth and overdoping on the (111) orien-
tation of diamond In order to obtain a highly conductive 

layers on the (111) facets of pyramidal holes, we have first 
investigated homoepitaxial epilayers grown on the full sur-

face of type Ib HPHT monocrystalline 2x2x0.5 mm3 (111) 
substrates, also purchased from Sumitomo. The substrates 

present dispersed values of miscut angle: between 1.6° and 

3.3°. The growth was performed in a home-made MPCVD 
reactor described elsewhere [10], used for the growth on the 

(100) orientation with tertiarybutyl-phosphine (TBP) as a 
dopant source. The incorporation ratio of phosphorus being 

much lower on (100) than on (111) surfaces, the phosphorus 
doping on (100) requires high amounts of TBP [11] which 

induces a high residual content of phosphorus in layers 



pss-Header will be provided by the publisher 3 

 

 

 Copyright line will be provided by the publisher 

 

1 

2 
3 

4 
5 

6 

7 
8 

9 
10 

11 
12 

13 

14 
15 

16 
17 

18 

19 
20 

21 
22 

23 
24 

25 

26 
27 

28 
29 

30 

31 
32 

33 
34 

35 
36 

37 

38 
39 

40 
41 

42 

43 
44 

45 
46 

47 
48 

49 

50 
51 

52 
53 

54 

55 
56 

57 

grown on the (111)-orientation. This contamination problem 
is the reason why the phosphorus doping of diamond usually 

requires two growth reactors: one dedicated to low TBP 

pressure, suited to the (111) orientation, and another one 
dedicated to high TBP pressures, suited to the (100) orien-

tation.  

In this work, no intentional TBP was introduced in the 

gas mixture during the (111) growth. The conditions used 

for n-type (111) homoepitaxy were the following: total gas 
flow of 1000 sccm, with [CH4]/[H2] = 0.05% and a pressure 

of 50 mbar. The growth temperatures, Tgrowth, and growth 
durations are reported in Table 1. With this approach, the 

different Tgrowth and growth durations investigated gives 
phosphorus concentrations in the range of 1-2x1020 at/cm3, 

which is known as the maximum incorporation achievable 

on the (111) orientation [4, 7, 12]. It indicates that the con-
tamination of the reactor chamber after a (100) growth is 

sufficient to reach the “solubility” limit of phosphorus on 
the (111) orientation. This ensures the reproducibility of 

phosphorus incorporation on the (111) facets of etched py-

ramidal holes. This choice further avoids the use of two dif-

ferent growth reactors for (100) and (111) diamond surfaces. 

 

2.3 Characterization The surface of sample Ni-2 was 

observed by using a differential interference microscope 
with a Nomarski filter and secondary electron microscopy 

(SEM) with a JEOL 7001F. Atomic Force Microscopy 

measurements were performed using a Bruker AXS Dimen-
sion 3100 in tapping mode with a Bruker RTESP-300 anti-

mony-doped silicon probe with a resistivity range of 0.010-
0.025 Ω.cm, a resonance frequency of 300 kHz and a spring 

constant of 40 N/m. 

Secondary ion mass spectrometry (SIMS) has been per-
formed in order to measure the absolute phosphorus concen-

tration [P] and the thickness of the epilayers. For the meas-
urements, we have used CAMECA IMS equipments: an 

IMS4f for samples grown during more than 1h and an 
IMS7f for samples grown during 1h. A Cs+ ion beam was 

used as the primary beam with an energy of 10keV and a 

current of 80 nA (IMS4f) and 20 nA (IMS7f). Secondary 
ions were detected in the negative mode leading to 14.5 keV 

(IMS4f) and 15 keV (IMS7f) of interaction energy of the 
primary Cs+ ions and to 27° (IMS4f) and 23.6° (IMS7f) of 

incidence angle with respect to the normal of the sample. 

The sputtering rate was around 4 Å/s and 1.35 Å/s for the 
IMS4f and IMS7f respectively. The analyzed zone was re-

stricted to a diameter of 33 µm to limit the edge effects on 
the SIMS crater. The depth of the resulting 150x150 µm² 

SIMS crater was measured using a Dektak8 sept-meter in-
strument. The secondary ions of masses 12 (carbon), 26 

(carbon+nitrogen) and 31 (phosphorus) were detected. The 

analysis have been done at low mass resolution, M/ΔM < 
400. The quantification of the phosphorus concentration 

was made thanks to an ion-implantation standard with a 
known dose of phosphorus. The detection limit for phospho-

rus was ~5x1015 at/cm3. This method typically gives the 

phosphorus concentration with a 10% relative uncertainty. 
The resistance, R, of the (111) overdoped epilayers was 

measured using a JANDEL 4-point probe with a low noise 
Keithley 6221 current generator and a Keithley 2000 multi-

meter with a 10 GΩ input  for voltage measurements. The 

compliance voltage of the current source was set to 105 V. 
The current range was set between -20 and 20 µA. Each 

sample being square, the resistance measurement was per-
formed on each of its two diagonals, then repeated again 

with an opposite current, for a total of 4 to 12 measurements 
per sample, to verify the absence of asymmetry during the 

measurement. The conductivity σ of the samples was de-

duced from the formula σ = 1/(f.d.R), where d is the thick-
ness of the epilayer and f = 3.74 is a correction factor rela-

tive to the probe spacing (0.5 mm) and the sample diameter. 
The relative uncertainty on σ was estimated to approxi-

mately 25%. 

 
 

3 Results and discussion 
 
3.1 Microstructuration of (100) diamond The nat-

ural alignment along the [110] and [-110] crystallographic 

directions of the nickel-etched microstructures shown in Fig. 

2 can also be observed in the works of Smirnov et al. [8] and 
Mehedi et al. [9]. The borders of the microstructures are 

found to be parallel to the [110] and [-110] directions 
(Fig.2.b). The mean diagonal size of the microstructures was 

determined from the measurement of 112 microstructures, 

yielding a value of 491 ± 219 nm. By using a rectangular 
paving over the planar microstructure-covered area, a binary 

image was extracted from which the microstructure cover 
rate was calculated to be 25% ± 10%. 

 

Figure 3 AFM 0.5x0.5 µm2 sample image of an inversed pyram-

idal-shaped microstructure at the surface of Ni-2 after chemical re-

moval of the Ni particles. The red line represents a cross-sectional 

view in the [110] direction, along which the depth z is plotted to 

measure the angle between the (100) basal plane and the face of 

the inversed-pyramid. 

 

Measurements of the angle between the (100) surface 
and the lateral faces of the microstructures were performed 

by AFM on 12 microstructures, each in the [110] and [-110] 
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directions, for a total of 24 measurements. Fig. 3 shows a 
0.5x0.5 µm2 example image of one such microstructure. 

Mean angle values of 50° and 49.5° were found respectively 

to the [110] and the [-110] directions with standard devia-
tion of 6° and 5°. These values are very close to each other, 

indicating that the etching was indeed anisotropic and ho-
mogenous over the surface sample. They are consistent with 

the closest crystallographic angle of 54.74° between the 

(111) and (100) planes. These results indicate that the faces 
of etched pyramidal holes are (111)-oriented.  

 

3.2 Conductivity of (111) epilayers Fig. 4 shows 

the phosphorus content in sample D215 with the layer/sub-
strate interface located at 95 nm from the surface. The phos-

phorus concentration and the layer thickness measured by 
SIMS are summarized in Table 1 for each (111) epilayer, 

together with the corresponding room temperature conduc-
tivity extracted from 4-point probe measurements. 
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Figure 4 SIMS profile of the phosphorus content for sample 

D215. The interface between the epilayer and the substrate is 

marked with a vertical dashed arrow located at 95 nm. 

The maximum room temperature conductivity is ob-

tained for sample D215 with σ = 0.108 Ω-1.cm-1 for [P] = 
2.3x1020 at.cm-3 and a 95 nm thickness. In Fig. 5, the room 

temperature conductivity, σ, and the phosphorus concentra-

tion, [P], of samples D213 and D215 are compared to sam-
ples D51, D52, D94, D95 and D97, as well as other works 

published in the literature [10, 12, 13, 14]. These results 
show that the electrical conductivity of (111) phosphorus-

doped diamond is maximum when the layer is thin and 
grown at high temperature. It then exceeds previously pub-

lished results by almost one decade.  

 

Table 1 Growth conditions and characteristics of the (111) epi-

layers. All samples were grown with a total gas flow of 1000 sccm, 

a pressure of 50 mbar and with [CH4]/[H2] = 0.05%. The dispersion 

of [P] is not yet clearly identify. 

Sample Miscut 

angle 

[P]/[C]gas 

(%) 

Tgrowth  

(°C) 

Growth 

duration 

(h) 

d 

(nm) 

[P] 

(x1020  

at.cm-3) 

σ at 300K 

(Ω-1.cm-1) 

D51 2.9 -- 800 6 215 1.6 0.0046 

D52 2.7 -- 865 6 406 1.4 0.0029 

D94 3.2 -- 890 6 644 1.3 0.0060 

D95 3.3 -- 890 6 701 1.2 0.0047 

D97 3.2 -- 965 5 763 0.8 0.0052 

D213 1.9 -- 990 1 109 2.4 0.058 

D215 1.6 -- 1000 1 95 2.3 0.108 

D238 2.8 12 990 1 135 2.5 0.047 
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Figure 5 Room temperature conductivity, σ, with respect to the 

phosphorus concentration, [P], of the (111) epilayers presented in 

this work, and compared to previously reported works [10, 12, 13, 

14]. 

 

The relative uncertainty on Tgrowth being 10%, samples 
D213 and D215 are considered to be grown in the same con-
ditions. They present similar results in term of phosphorus 
concentration and conductivity. We recently realized a film 
in the same growth conditions with intentional phosphorus 
doping: sample D238 with [P]/[C]gas = 12%. Such layer pre-
sent identical phosphorus content and conductivity than 
samples D213 and D215: [P] = 2.5x1020 at/cm3 and σ = 
0.047 S/cm. Note that no effect of substrate miscut is evi-
denced unlike in the work of Yamamoto et al. [15]. Our re-
sults show that high conductive and highly phosphorus 
doped (111) layers are controllable.  
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3.3 Selective growth in the inversed-pyramids 
of the microstructured (100) substrates Sample Ni-2 

was subjected to our set of growth parameters, that is to say 

the one of sample D215. The largest microstructures of 
SEM image in Fig. 6 show a distinct swelling attributed to 

the growth of diamond on top of the microstructures. 

 

Figure 6 SEM image of the microstructured side of sample Ni-2 

after being submitted to sample D215 growth conditions. The lat-

eral faces of the inversed-pyramids present a distinct swelling. 

The phosphorus SIMS distribution profile on the un-mi-

crostructured part of sample Ni-2, after being submitted to 
the same growth conditions than sample D215, is shown in 

Fig. 6 (a). In the SIMS analysis conditions used here, the 
pre-equilibrium region corresponds to the first 25 nm of pul-

verized depth. In such region, no clear quantitative infor-

mation can be extracted. As a result, after being submitted 
to the same the growth conditions that sample D215, the un-

microstructured region of sample Ni-2 present an epilayer 
thinner than 25 nm. This indicates that, in our set of growth 

conditions, the growth rate is extremely slow on the (100) 

oriented surface. 

 

After being submitted to the same growth conditions 
than sample D215, the microstructured region of sample Ni-

2 presents a phosphorus content with a maximum of 
5.0x1018 at/cm3 at ~53 nm, and then decreases until 750 nm 

where it reaches the detection limit (see Fig. 6). The pres-

ence of phosphorus in the microstructured region of sample 
Ni-2 indicates that phosphorus epilayer was grown mainly 

inside the microstructures since nearly no layer could be de-
tected on the (100) oriented surface. These results show the 

high selectivity of the phosphorus-doped diamond growth 

on the (111)-oriented facets of the etched microstructures 
compared to the (100) surface. 
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Figure 7 SIMS profiles of the phosphorus content, [P], of sample 

Ni-2 after being submitted to the same growth conditions than sam-

ple D215 taken from: (a) a (100) surface without microstructu-

ration and (b) a microstructured zone by Ni-assisted etching. The 

dashed rectangles represent the pre-equilibrium region of the SIMS 

profile from which no clear quantitative information can be ex-

tracted (this region depends on the SIMS analysis conditions).   

 

 
Phosphorus is incorporated in layers grown on the 

(111)-oriented lateral faces of the inverted pyramids. The 
absolute phosphorus concentration inside the microstructure 

cannot be measured in a simple way with the sufficient spa-
tial resolution. Nevertheless, with a microstructure cover 

rate of 25%, the corresponding phosphorus concentration 

inside the pits is estimated to 2x1019 at/cm3 (in Figure 7(b),   
5x1018 at/cm3 is an average value from (100) and (111) sur-

faces taken from the 50 µm width SIMS analysis region). 
According to the work of Teraji et al. [6] this value appears 

sufficient to achieve (quasi-)ohmic contacts on n-type dia-

mond. The phosphorus amount incorporated inside micro-
structures appears good enough for a process of contact fab-

rication.  
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Figure 8 Current-voltage (I-V) characteristics between two neigh-

bouring contact pads at 400K without (black squares) and with 

(open squares) P-doped microstructures under Ti/Au contacts, for 

a phosphorus doped (100) diamond sample ([P] = 4.7x1017 at/cm3, 

thickness of 8 µm). The inset shows an optical microscopy image 

of the sample with contacts in the Van der Pauw configuration. The 

scheme above shows a transversal view of contacts with micro-

structuration (not at scale). 

 

Figure 8 shows the current-voltage (I-V) characteristics 
at 400K of a (100) phosphorus doped diamond homoepi-

layer ([P] = 4.7x1017 at/cm3 with a thickness of 8 µm) under 

the Van der Pauw configuration with Ti/Au metallic con-
tacts. The black squares correspond to the measurement 

made without the microstructuration process and highly 
doped (111) selective growth investigated in this work. The 

open squares exhibits the data obtained while using our new 
process. A clear improvement of the I-V characteristics is 

observed, meaning that our new process for electrical con-

tacts seems promising. 

4 Conclusions A process of nickel-catalyzed plasma-

etching was investigated for (100) oriented diamond, lead-
ing to the formation of inversed pyramidal shaped micro-

structures. The inner walls of these microstructures are ori-

ented close to the (111) crystallographic planes of diamond. 
Growth experiments on (111)-oriented overdoped epilayers 

with our set of growth parameters lead to a maximum room 
temperature conductivity of 0.108 Ω-1.cm-1, exceeding pre-

viously published results by almost one decade.  
When a microstructured (100) oriented substrate is sub-

mitted to this new set of parameters, phosphorus doped dia-

mond is grown on the lateral faces of the inversed pyramids 
while nearly no diamond is grown outside of the microstruc-

tures. This indicates that such growth process is sufficiently 
selective for fabricating ohmic contacts on n-type diamond. 

The selective growth of highly phosphorus doped dia-
mond directly on the surface of Ni-etched microstructures 

naturally leads to an interesting prospect of achieving quasi-

ohmic contacts by tunnel effect on n-type diamond. The pro-
posed process is simplified compared to previous ap-

proaches, eliminating the alignment steps when using li-
thography or even the lithography process itself, as in this 

work. Complete electrical characteristics of such contacts 

are currently under investigation. 
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