
 

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Phys. Status Solidi RRL, 1–6 (2016) / DOI 10.1002/pssr.201600329 

www.pss-rapid.com

p
s

s

Nanometric diamond delta doping  
with boron 

James E. Butler*, 1, 2, Anatoly Vikharev1, Alexei Gorbachev1, Mikhail Lobaev1, Anatoly Muchnikov1, 
Dmitry Radischev1, Vladimir Isaev1, Valerii Chernov1, Sergey Bogdanov1, Mikail Drozdov3, 
Evgeniy Demidov3, Ekaterina Surovegina3, Vladimir Shashkin3, Albert Davidov4, Haiyan Tan4, 
Louisa Meshi4, 5, Alexander C. Pakpour-Tabrizi6, Marie-Laure Hicks6, and Richard B. Jackman6 

1 Institute of Applied Physics, Russian Academy of Sciences, Nizhny Novgorod, Russia 
2 St. Petersburg Electrotechnical University (LETI), St. Petersburg, Russia 
3 Institute for Physics of Microstructures of the Russian Academy of Sciences, Nizhny Novgorod, Russia 
4 National Institute of Standards and Technology, Materials Science and Engineering Division, Gaithersburg MD, USA 
5 Ben Gurion University, Department of Materials Engineering, Beersheba, Israel 
6 London Centre for Nanotechnology and the Department of Electronic and Electrical Engineering, University College London, UK 

Received 27 September 2016, revised 27 November 2016, accepted 28 November 2016 
Published online 6 December 2016 

Keywords diamond, boron, delta doping, carrier mobility, Hall effect, growth 
                          
* Corresponding author: e-mail jimbutler29@comcast.net 

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction Diamond is desired as a material for 
high voltage, high frequency, high power active and pas-
sive electronic devices because of its superlative materials 
properties [1], including high electronic carrier mobilities 
[2], high breakdown field strength [3], high thermal diffu-
sivity [4], matrix for quantum devices, and diverse other 
optical, chemical, materials properties [5]. However, a ma-
jor barrier to exploiting diamond for active electronic ap-
plications has been the lack of dopants with a sufficiently 
low thermal activation energy barrier to create an adequate 
concentration of electronic carriers at room temperature. 
While there are many known defect and impurity states in 
the wide bandgap (5.45 eV) of diamond, several of which 
can act as donors or acceptors of electronic charge, only 
boron [1, 6] (creating an acceptor state) and phosphorous 
(creating a donor state) [7] have been demonstrated as reli-
able dopants. Boron, the most commonly used diamond 
dopant, has the smallest activation energy of 0.37 eV at 

low doping concentrations (<1017 cm–3). This value still 
means that only a fraction of the boron present is activated 
at room temperature leading to relatively low concentrati-
ons of free carriers. Increasing the boron concentration re-
duces this activation energy, and at ca. 5 × 1020 cm–3 the 
metal-to-insulator transition point occurs [8] and a fully-
activated impurity band is formed via the quantum tunnel-
ing of holes between neighboring boron acceptor states [9]. 
Unfortunately, as the activation energy of holes decreases 
so does carrier mobility, not only because of the increased 
impurity scattering but also due to the onset of a low-
mobility, hopping-like conduction. The resulting material 
is one that has sub-unity carrier mobility and typical sheet 
carrier densities in excess of that which are readily con-
trolled by a typical field effect transistor (FET) [10]. In this 
work we demonstrate two-dimensional conduction with 
both high mobility and sheet carrier concentration by in-
troducing nanometer thick boron ‘delta doped layers’ in to 

Diamond is desired for active semiconducting device because
of it high carrier mobility, high voltage breakdown resistance,
and high thermal diffusivity. Exploiting diamond as a semi-
conductor is hampered by the lack of shallow dopants to cre-
ate sufficient electronic carriers at room temperature. In this
work, nanometer thick, heavily boron doped epitaxial dia-

 mond ‘delta doped’ layers have been grown on ultra smooth
diamond surfaces which demonstrate p type conduction with
enhanced Hall mobilities of up to 120 cm2/Vs and sheet car-
rier concentrations to 6 × 1013 cm–2, thus enabling a new class
of active diamond electronic devices. 
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intrinsic or p– material (p– here defined as a boron con-
centration of less than 1017 cm–3) epitaxially grown dia-
mond films with high mobility. 

A well-known solution to creating BOTH high mobil-
ity AND high carrier concentrations for electronic materi-
als in two dimensions is ‘nanometric delta-doped’ layers 
[11]: nanometer thick, heavily doped layers (boron in our 
case) adjacent to high mobility intrinsic or p– material 
where a fraction of the carriers created by the heavily ion-
ized dopant layer reside in the adjacent high mobility layer. 
Similar two-dimensional carrier conductivity has been ob-
served on hydrogen terminated diamond surfaces with 
negative electron affinity. These surfaces create a subsur-
face two-dimensional hole gas [12] by electron transfer to 
adsorbates, but since they display stability issues, they will 
not be discussed further in this work. 

The success of ‘delta doping’ requires the epitaxial 
growth of very thin (1 to 2 nm) heavily doped ‘delta layer’ 
(preferably above the insulator to metal transition, ca. 5 × 
1020 cm–3 for boron in diamond) [8] and abrupt interfaces 
between the ‘delta layer’ and the high mobility intrinsic or 
p– layer [13]. In addition, the interfaces must be atomically 
smooth to minimize carrier scattering. 

Recent reports from three experimental studies provide 
an in-depth discussion of their observations and implica-
tions. Balmer et al. [14] interpret measurements on un-
capped, surface boron doped ‘delta layers’ with a two car-
rier type model, but present no data showing the expected 
enhanced mobilities and sheet carrier concentrations. They 
also point out the mobilities measured by the Hall effect 
will overestimate the channel mobility in a working device. 
Scharpf et al. [15] demonstrate a boron doped solution 
gated field effect transistor based on an uncapped surface 
‘delta layer’, with adequate sheet carrier density, but a 
channel mobility of 0.1 cm2/Vs which they attribute to 
poor lateral homogeneity and interrupted morphology of 
the ‘delta layers’. Chicot et al. [16] present results on bur-
ied boron doped ‘delta layers’ of varying thicknesses rang-
ing from < 2 nm to 35 nm which were capped with 30 nm 
to 65 nm of undoped diamond. They also summarize the 
published literature reports of mobilities and sheet carrier 
concentrations along with their results (Ref. [16], Table 
IV), which are reproduced in Table 1 below. All of their 
measured carrier mobilities were in the range of 1 cm2/Vs 
to 4.4 cm2/Vs which is typical of bulk diamond doped 
above the metal insulator transition of 5 × 1020 cm–3. The 
desired values in ‘delta doped’ layers are greater than 
100 cm2/Vs for mobility, and >1013 cm–2 for sheet carrier 
concentrations. 

In this Letter, significant progress in growth and char-
acteristics of diamond nanometric thick ‘delta doping’ with 
boron is shown, demonstrating both enhanced room tem-
perature Hall effect mobilities and carrier concentrations 
over the previous experimental reports. The adopted ap-
proach employs: ultra-smooth diamond substrates (Ra/Sa 
less than 0.3 nm) (Ra is the arithmetic average of surface 
profile along a line, and Sa is the average over an area), a 

custom built microwave plasma assisted chemical vapor 
deposition (CVD) reactor with laminar flow and fast gas 
switching [17], very slow growth rates, smooth epitaxial 
films, and chemically gettering residual boron in the reac-
tor when growing intrinsic/lightly doped material by add-
ing H2S to form gaseous boron sulfur compounds [18]. 

 
2 Experimental The single crystal diamond sub-

strates used in these experiments were type IIa (no nitrogen 
detectable by IR absorption spectroscopy) obtained from 
New Diamond Technology (St. Petersburg Russia) and the 
Technological Institute for Superhard and Novel Carbon 
Materials (Troitsk, Moscow, Russia). Their size was either 
3 × 3 × 0.5 mm or 3.5 × 3.5 × 0.5 mm with major polished 
faces nominally (100). The samples displayed little or no 
birefringence when viewed between crossed polarizers. 
These samples were repolished mechanically to a surface 
roughness, Ra, of 0.3 nm or less, typically 0.1 nm over ar-
eas of 80 × 80 µm for Sa, and lines of over 1 mm for Ra, 
and then etched in an inductively coupled reactive ion 
etcher (Oxford Instruments, Plasmalab 80) to remove pol-
ishing damage in the top ca. 4–5 µm [19] The CVD reactor 
was a custom designed [17] specifically for the ‘delta dop-
ing’ growths with nearly laminar flow and rapid switching 
of the reactant gas mixtures to achieve abrupt interfaces. 
Typical growth conditions employed a flow of 900 sccm 
hydrogen (Pd diffusion cell purified), 1.4 sccm methane 
(ultra-pure, 99.999%), 6 to 17 sccm of 0.1% B2H6 diluted 
in hydrogen, and 6 to 14 sccm of 0.1% H2S diluted in hy-
drogen. Typical growth rates were determined by SIMS-SP, 
see Fig. 1, to be between 30 and 90 nm/hour. The total gas 
pressure was 30 to 50 Torr and the microwave power was 
1.5 kW. Transmission electron microscope (TEM) images 
were recorded aligned to the diamond [110] axis. TEM 
sample preparation was performed in Helios FEI FIB. To 
keep the surface layer undamaged, it was coated by plati-
num. TEM investigation was carried out on 300 kV FEI ti-
tan. SIMS-SP was performed in an IONTOF TOF.SIMS-5 
using Cs+ ions (1 keV) for sputtering, and Bi+ ions 
(25 keV) for probing. It was found out that for smooth 
(root mean square deviation Ra < 1 nm) surfaces the using 
of 1 keV energy sputtering ions allows to obtain depth 
resolution of 1.2–2 nm for the most of investigated struc-
tures. 

Room temperature Hall measurements were carried out 
in van der Pauw geometry after an acid cleaning process 
(boiling in conc. sulfuric and nitric acids with added 
KNO3) known to leave oxygen moieties on the diamond 
surface to minimize any contribution from a hydrogen sur-
face conductive channel. At IPM, indium Ohmic contacts 
were deposited at 180 degrees Celsius, not only on the sur-
face but also to the end pads. This provided satisfactory 
electrical contacts to the delta layer with stable characteris-
tics without additional annealing and allows the Hall 
measurements with small errors. At UCL, Ohmic contacts 
were made with silver epoxy annealed at 70 C. Measure-
ments were made in a Lakeshore 7500 series Hall effect 
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probe or a homemade system with a stabilized current 
source 10–6–10–3 A. Measurements were performed in 
magnetic fields of up to 1 T with both polarities. 

Capacitance–voltage measurements were performed 
on sample Tr06 with two ‘delta layers’ and an underlying 
heavily doped layer. Mesa structures of diameters 25 to 
400 µm were formed by lithographic masking and etching 
down to the heavily boron doped layer. Ohmic contacts 
were formed after etching on the heavily doped layer  
p++ layer by deposition of Ti/Mo/Au metallization and  
annealing. Schottky contacts were formed on the top of the 
mesas with Cr/Al metallization. Measurement of static 
current–voltage characteristics was performed using a 
Keithley 4200-SCS system. The capacitance–voltage 
characteristics were measured on an Agilent E4980A Pre-
cision LCR meter, over the frequency range 20 Hz to 
2 MHz, with a 50 mV amplitude of the test signal. C–V 
profiling was performed at a frequency for which no 
observed frequency dispersion was observed in our struc-
tures (<100 kHz). 

 
3 Results Figure 1(a) presents the boron concentration 

as a function of depth from the final surface measured by 
secondary ion mass spectrometry sputter profiling (SIMS-
SP) for a 3 ‘delta layer’ structure used as an example in de-
termining growth rates and peak boron incorporation rates. 
Analysis of the boron profiles of delta-layers by SIMS was 
carried out in the mode of maximum dynamic range. This 
mode provides the best resolution in depth. However, the 
noise level in this mode is more than 4 × 1017 cm–3. Well 
separated ‘delta layers’ of approximately 2 nm width are 
shown, capped and separated by 20 to 30 nm of p– doped 
diamond with boron levels below 2 × 1017 cm–3. To deter-
mine the level of background boron doping between the 
layers more accurately, we used another mode with longer 
signal accumulation and a slow sputtering rate. Figure 1(b) 
shows the SIMS depth profile from a sample with a sur- 
face delta-layer, and similarly grown p– buffer layer over 
200 nm thick. As can be seen from the figure, the back-
ground boron concentration in the p– grown layer is less 
than 3 × 1016 cm–3, and the peak concentration in this delta 
layer exceeded 6 × 1020 B cm–3. Figure 1(c) presents the 
results of deconvoluting the SIMS-SP profile of the boron 
concentration of a single ‘delta layer’ of thickness ca. 2 nm 
as a function of the depth from the surface using a SIMS-
SP instrument function [20]. The resolution of SIMS-SP is 
limited by many factors [21] and may not be sufficient to 
show the abruptness of the interfaces. 

Examination of focused ion beam (FIB) thinned por-
tions of one of our ‘delta doped’ samples by electron dif-
fraction and transmission electron microscopy (TEM) con-
firms the [001] direction of our epitaxial growth, as shown 
in Fig. 2. It should be noted that due to the epitaxial rela-
tionship, similarity in atomic numbers of C (12) and B (13), 
maximum boron concentration of less than 0.1%, and lack 
of significant structural defects, the interfaces between the 
buffer layer, substrate, ‘delta layer’, and cap layer are not  

 

Figure 1 (a) Boron concentration profiles determined by SIMS-
SP (solid line); boron concentration profiles recovered using 
analytical depth resolution function (dashed line). Methane flow 
is 1.4 sccm. B/C ratio 18570 ppm (1), 12860 ppm (2), 8570 ppm 
(3). The profile is for sample S32. (b) Boron concentration 
profiles determined by SIMS-SP (solid line) for an uncapped 
delta layer grown on 200 nm p– epilayer, sample S38; boron 
concentration profiles recovered using analytical depth resolution 
function (dashed line), thickness is 1.2 nm and maximum 
concentration is 7 × 1020 cm–3. (c) SIMS-SP profile of a single 
‘delta layer’ (open circles), Sample S27, and the boron 
concentration profiles recovered using analytical depth resolution 
function (dashed line), and resulting fit profile (solid line). 
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Figure 2 Transmission electron micrograph image of a focused 
ion beam thinned section of a sample with a single ‘delta layer’ 
sandwiched between intrinsic/lightly doped buffer and capping 
layers on a single crystal substrate. The electron beam was nor-
mal to the [110] crystallographic direction and the epitaxial 
growth direction was normal to the (001) crystallographic plane. 
The annotation of the layer positions is solely based on the expect-
ed growth rates (see text for explanation). 

 
visible in the figure. Shown in the figure are the positions 
expected for the epitaxial layers based on the expected 
growth rates of each layer. At lower magnifications (not 
shown) some additional contrast does appear in the ‘delta 
doped’ area, probably due to strain. 

The ultimate test of the success of ‘delta doping’ has to 
be in electrical measurements. We report here our initial 
room temperature measurements of carrier concentrations 
and mobilities by the Hall effect (van der Pauw configura-
tion) on the whole samples containing single delta layers of 
thickness between 1.8 and 2.8 nm and capped with a buffer 
layer. Capacitance–voltage (C–V) depth profiling of mesa 
isolated structure has also been measured. The results of 
measurements of the room temperature Hall effect mobili-
ties and carrier concentrations using the van der Pauw ge-
ometry of our initial set of samples by 2 participating labo-
ratories is reported in Table 1. Also reported in this table 
are the published measurements of several previous ex-
perimental efforts. The most notable thing is that the car-
rier mobilities of the samples grown in this work exceed 
those of all the previous reports on similar samples by over 
an order of magnitude (the non-italised entries in Table 1), 
and the related resistances are also over an order of magni-
tude lower. The italised entries are for data which may be 
compromised by contributions dominated by the bulk, 
lightly doped regions of the sample and not because of con-
duction adjacent to the delta doped layer as discussed later. 

Figure 3(a) presents a SIMS-SP of the boron concen-
tration in sample Tr06 where 2 separate ‘delta layers’ were 
grown over an intrinsic/lightly doped buffer layer on a 
heavily boron doped layer. Figure 3(b) presents the results 
of capacitance versus voltage measurements on mesa struc-
tures showing the apparent profile of the hole concentra-
tion in one ‘delta layer’. Note that the measured hole con-
centration outside the ‘delta layer’ is more than an order of 
magnitude above the residual boron concentration meas-
ured by SIMS-SP of less than 4 × 1017 cm–3. 

Table 1 Sheet carrier concentrations, room temperature mobi-
lities, and resistance of the samples grown for this work and 
measured at UCL and IPM. Additional measurements reported in 
the literature are also presented. Entries shown in italics are not 
directly relevant as the conduction is likely dominated by the bulk 
p-buffer and cap regions based on the thermal activation energy 
measurement as discussed in the referenced papers. 

source sample Ps mobility at  
T = 300 K 

resistance 

 label (cm–2) (cm2/Vs) (Ω/sq) 

UCL S16 5.00 × 1011 750   16455 
UCL S19 1.00 × 1012   90   33131 

UCL S18 4.00 × 1012   10 182310 

IPM S09 6.50 × 1011 240   40000 

IPM S21 6.50 × 1013   16     6600 

IPM S23 1.00 × 1013   99     6000 

IPM E35-14 1.30 × 1013 120     4000 

IPM S24 6.40 × 1013   92     1100 

IPM S12 5.10 × 1013   17     7000 

IPM S12-1 6.00 × 1013   18     5300 

Ref. [22]     1 1.40 × 1013   54.6  

Ref. [22]     2 1.60 × 1014     3.3 158000 

Ref. [22]     3 4.40 × 1015     2.9  

Ref. [22]     4 2.30 × 1015     4.4  

Ref. [16]     5 3.20 × 1014     3.3   15000 

Ref. [16]      6 3.20 × 1013     1  

Ref. [16]     7 1.40 × 1014     3.8   50000 

Ref. [16]     8 1.80 × 1014     3.1  

Ref. [16]     9 6.0 × 1014     3.7  

Ref. [16]   10 2.20 × 1013     0.6  

Ref. [14] 348 3.70 × 1012   35.4  

Ref. [14] 366 1.00 × 1016     3.8  

Ref. [14] 385 1.20 × 1011 679.8  

Ref. [14] 459 4.30 × 108 438.1 126000 

Ref. [23]    A 1.40 × 1015   

Ref. [23]   B 8.00 × 1012     9.8  

Ref. [23]   C 1.20 × 1013   13.3  

Ref. [15]   S 2.40 × 1013     0.1  

 

4 Discussion There are many parallel electrical con-
duction paths possible in a sample with a capped single 
delta layer. These consist of conduction on the surface, in 
the bulk p– doped capping layer, in the heavily doped ‘del-
ta layer’, in the p– layers on either side and adjacent to the 
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Figure 3 (a) SIMS-SP of the boron concentration of sample Tr06 
containing 2 ‘delta layers’. The sample was grown on a 3 µm 
thick heavily boron doped layer grown on a type 1b HPHT sub-
strate. (b) Comparison of boron concentration profile recovered 
using analytical depth resolution function (solid line) and hole 
profiles extracted from C–V analysis measured at room tempera-
ture (circles), Tr06. 

 

‘delta layer’, in the bulk p– doped buffer layer, and in  
the diamond substrate. Surface conduction is easily pre-
vented by oxidation of the diamond surface, but all other 
paths cannot be ignored. Conduction in the heavily doped 
‘delta layer’ is characterized by low mobilities and high 
carrier concentrations, typically 3 cm2/Vs to 5 cm2/Vs  
and 1020 cm–3. Conduction in the CVD grown bulk p– 

doped layers should have high mobilities, greater than 
1000 cm2/Vs, but low carrier concentrations and thermal 
activation energies between 0.2 eV and 0.37 eV [2]. Con-
duction in the diamond substrate may vary depending on 
the unintentional doping of the HPHT substrate with B and 
N, but generally, these substrates are insulating. 

For Hall effect measurements with room temperature 
sheet carrier concentrations below 1012 cm–2, the dominant 
conduction path is likely the high mobility bulk p– buffer 
and capping layers, while for carrier concentrations above 
1014 cm–2, the dominant contribution is from conduction in 
the low mobility, heavily doped ‘delta layer’. Hence the 
region of Table 1 relevant to the enhanced mobility and 

carrier concentration is the non-italised entries between 
1012 cm–2 and 1014 cm–2 sheet carrier concentrations. Sam-
ple 1 of ref. had relatively thick delta and buffer p– layers 
and gave a room temperature mobility of 54.6. Its tempera-
ture dependence above 150 K was dominated by the ther-
mally activated carriers from the bulk p– layers, hence our 
italicizing its entry in Table 1. Note that almost all our ini-
tial Hall effect measurements exceed the previously re-
ported values by over an order of magnitude. It is also 
clear from the SIMS-SP data (Figs. 1 and 3) and the C–V 
data (Fig. 3), that the boron concentrations in the current 
‘delta doped’ layers reported here have not always 
achieved peak concentrations above the metal insulator 
transition limit (5 × 1020 cm–3). Hence our measured sheet 
carrier densities could increase by as much as an order of 
magnitude in future growths, and thus lower the channel 
resistance by an order of magnitude. 

The Hall effect measurements and the C–V data pre-
sented here are encouraging indicators of the success of 
this approach to growth of effective ‘delta doped’ layers. 
Yet there is still much work to be done to clearly demon-
strate the enhancement necessary for functioning active 
electronic devices. As pointed out by previous researchers, 
the Hall effect mobilities overestimate the actual channel 
mobilities in a device [14]. We are in the process of fabri-
cating and testing Hall-bar structures to more precisely de-
termine the local properties on a scale similar to a device 
structures. Measuring the temperature dependence (activa-
tion energy) of the carrier concentrations will assist in 
identifying the conduction paths measured by the Hall ef-
fect. We are also fabricating and testing various field effect 
transistor structures to determine actual channel mobilities, 
conductivity, and gate pinch off. We view the successes 
presented here as just an initial step toward enabling a 
class of active electronic devices based on the superlative 
properties of diamond. 
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