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The temperature dependence of the hole sheet density and mobility of four capped delta boron

doped [100]-oriented epilayers has been investigated experimentally and theoretically over a large

temperature range (6K < T < 500K). The influence of the parallel conduction through the thick

buffer layer overgrown on the diamond substrate was shown not to be negligible near room

temperature. This could lead to erroneous estimates of the hole mobility in the delta layer. None of

the delta-layers studied showed any quantum confinement enhancement of the mobility, even the

one which was thinner than 2 nm.VC 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4758994]

Due to outstanding physical properties (large carrier mo-

bility, high breakdown voltage, and exceptional thermal con-

ductivity), diamond is the ultimate semiconductor for high

power and high frequency applications. These features

should in principle allow to develop new low loss electric

switches.1 However, because of the high ionization energy

of the boron p-type dopant,2,3 the equilibrium carrier concen-

tration is low at room temperature, and thus the on-state re-

sistivity is very high. It has been proposed to overcome this

problem by using boron d-doping,4,5 i.e., a highly doped

layer (metallic ½B� � 5� 1020 cm�3) stacked between two

intrinsic layers, resulting in a conduction combining a high

mobility (due to a confinement-induced delocalisation of car-

riers away from the ionized impurities) with a large carrier

concentration (due to metallic behavior). Recently, several

groups reported fabrication and electrical measurements of

such structures. Most of the electronic properties (sheet den-

sity and mobility) of the d structures have been characterized

by means of a field effect transistor (FET).6,7 Temperature

dependent impedance spectroscopy measurements have been

recently performed to identify the different conduction paths

in the stacked structures.8,9 Hall effect combined to four

probes resistivity measurements have also been used to mea-

sure the sheet density (pS) and the carrier mobility (lH).
9,10

The most recent of these works reported a low sheet density

(pS ’ 1013 cm�2) and a hole mobility (lH ¼ 13 cm�2=V � s)
larger than the one expected for highly doped diamond at

room temperature in d-structures on [111]-oriented diamond

substrates.9 Unfortunately, no temperature dependence of pS
and lH in d structures has been reported so far. It will be

shown in this work that the analysis of the temperature de-

pendence of pSðTÞ and lHðTÞ is essential in order to distin-

guish the contribution of each conduction path (buffer/high

B-doped layer/cap layer) to the measured (mixed) conductiv-

ity. A correct analysis of the apparent Hall mobility and

sheet density is expected to yield the real hole mobility in

the d-layer or at its interfaces.

The aim of this work was to investigate and describe the

temperature dependence of the electrical transport properties

of thin B-doped diamond embedded between non intention-

ally doped diamond layers in order to evaluate reliably the

carrier mobility and density in the 2D hole gas. In the first

part, a brief description of the samples fabrication and details

about transport experiments will be given. In the second

part, the temperature dependence of the hole sheet density

and mobility will be described and analyzed. Finally, it will

be shown that a d-doped layer thinner than 2 nm has been

grown and that no mobility enhancement, due to quantum

confinement of the holes, was observed.

Four boron doped samples were grown by microwave

plasma-enhanced chemical vapor deposition (MPCVD) on

Ib-type [100]-oriented 3� 3mm2 diamond substrates (pur-

chased from Sumitomo Electric) and consisting of a highly

p-doped (½B� � 5� 1020 cm�3) layer of thickness lower than

35 nm grown on a thick non intentionally doped (NiD) buffer

layer suited for high mobility transport3 and covered by

another thin NiD cap layer (from 30 to 65 nm) with similar

nominal properties. The buffer layer was grown in a

CH4=O2=H2 mixture (1%, 0.25%, 0.9875 molar) for 20min

(80 for sample #1). In the case of sample #1, the heavily

doped layer was grown in a CH4=B2H6=H2 mixture (4%,

1500 ppm, 0.96M), then etched ex situ in a H2=O2 plasma,

and then a thin non intentionally cap layer was slowly over-

grown. The heavily doped delta layer of the 3 other samples

were grown in a more diluted CH4=B2H6=H2 mixture (0.5%,

6000 ppm, 0.995M) before being etched in situ in H2=O2

and then covered by a thin cap layer grown in the same gas

mixture as the initial buffer layer. Please note that in this sec-

ond case the plasma was kept on throughout the whole pro-

cess, as described elsewhere.11 The role of the etching step is

to reduce the highly p-doped layer thickness and to improve

the B-doping profile sharpness at the top interface of the

highly doped layer (reduce the residual doping in NiD due to

memory effect of the reactor).

Hall bars have been fabricated on each sample in order

to perform Hall effect and four probes resisitivity measure-

ments. The bars were delineated by O2 electron cyclotrona)Electronic mail: gauthier.chicot@grenoble.cnrs.fr.
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resonance plasma etching of the diamond which surrounds

the mesa. Ti/Pt/Au pads have been deposited and then

annealed at 750 �C under vacuum (<10�8 mbar) during

30min in order to obtain ohmic contact. Hall effect measure-

ments were performed under well controlled conditions

between 6K and 500K. Ohmicity of contacts was checked

by I(V) measurement over the whole range of temperature.

Hall effect measurements were carried out with a dc mag-

netic field B (amplitude of 0.8 T) in the standard configura-

tion (i.e., B parallel and j, the current density, perpendicular

to the growth axis [100]).

The samples can be classified in two categories with two

distinct behaviors (shown in Fig. 1 and summarized in Table I).

On one hand, sample #1 shows a two-regime conduction: in the

lowest temperature range (6K < T < 150K), a metallic con-

duction characterized by constant values of the mobility and

the sheet carrier density, and then, above 150K, an increase of

the mobility and a decrease of the density versus temperature

up to 350K. On the other hand, samples #2, #3, and #4 exhibit

a typical metallic conduction (finite conductivity at low tempe-

rature) with a constant carrier density and a low mobility

(1 < lH < 4 cm2=V s) over the whole temperature range.

The two conduction regimes of sample #1 can be

described quantitatively using a multi layer Hall effect model

recently detailed by Look.12 The two-layer Hall effect model

with arbitrary surface dopant profiles12 has been used here to

investigate important characteristics of the d-doped struc-

ture: (i) the influence of the sharpness of the boron acceptor

profile and (ii) the influence of the buffer layer on the total

hole conduction of the structure (conductivity, mobility, and

sheet density). The transition between the maximum of B-

doped (d-layer) and the buffer could provide a second con-

duction channel in the valence band. In order to quantify this

contribution, the carrier density along the whole profile was

calculated using the neutrality equation in the case of Fermi

Dirac statistics,13 including the boron ionization energy dop-

ing dependence of Ref. 14 and the parameters detailed in

Ref. 15. The compensation has been considered negligible in

a first approximation, and the B-profile was taken as the only

input parameter. The mobility associated to each B-doping

level has been evaluated using the empirical procedure

detailed in Ref. 3. Typically, for a 2 nm thick d-layer (thick-
ness of the sheet with a doping level ½B� ¼ 5� 1020 cm�3)

and a ½B� profile decreasing within 1 nm by one doping con-

centration decade from the d-layer to the buffer and top

layers, a sheet density (mobility) decrease (increase) of less

than 40% (5%) was evaluated in comparison with the case of

an abrupt profile. For a smooth transition within 10 nm by

doping concentration decade, the sheet carrier density (mo-

bility) at 500K would be 2.5 times lower (2.5 higher) than

the one expected in the case of an abrupt profile. These

orders of magnitude are far from the variations observed in

sample #1. Finally, the second possibility investigated here

is the hole conduction through the buffer layer. Indeed, using

the B concentration measured by secondary ion mass spec-

troscopy SIMS (see Fig. 2, ½B� ¼ 3� 1016 cm�3), assuming a

typical compensation3 of 1015 cm�3, homogeneously distrib-

uted throughout the 850 nm of the buffer layer (this active

TABLE I. Summary of electrical transport characteristics of the four sam-

ples: Hall mobility and Hall sheet carrier density measured at 6K and 300K

and thickness of cap layer/d-layer/buffer layer (measured by SIMS unless

specified otherwise).

Thickness (nm) pS (cm
�2) lH (cm2/V s) pS (cm

�2) lH (cm2/V s)

Sample cap=d=buffer (T¼ 6K) (T¼ 6K) (T¼ 300K) (T¼ 300K)

#1 50/< 8a/900 4:0� 1014 1.3 1:4� 1013 54.6

#2 �30b/<2a/�300b 1:0� 1014 2.8 1:6� 1014 3.3

#3 40/35/290 4:2� 1015 3.1 4:4� 1015 2.9

#4 65/20/320 2:3� 1015 3.1 2:3� 1015 4.4

aMeasured by Hall effect.
bEstimated from growth time.
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FIG. 1. (a) Hall mobility and (b) Hall sheet carrier density versus tempera-

ture of highly doped layers of different thicknesses (from less than 2 nm to

35 nm) grown on a thick non intentionally doped (NiD) buffer and covered

by another thin NiD cap layer investigated using mesa-etched Hall bars. The

symbols are experimental data and the dashed line is the calculated mobility

for uncompensated diamond using the procedure and parameters described

in Ref. 15.

FIG. 2. (a) Secondary ion mass spectroscopy (SIMS) analysis of samples #1,

#3, and #4 with schematic of the layers stack in the insert and (b) a zoom on

d-layer part of SIMS analysis. The arrows on (a) mark the interface between

buffer layer and substrate. On one hand, it is not relevant to determine maxi-

mum doping and doping gradient of sample #1 since SIMS analysis are not

sufficiently sampled for this sample. On the other hand, doping transition

width can be determined for samples #3 and #4 and are, respectively, 4 nm/

dec and 3 nm/dec on top side and 13 nm/dec and 16 nm/dec on back side.
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thickness takes into account the 200 insulating nm related to

the extension of the space charge region in the B-doped layer

resulting from the nitrogen n-type doping of the Ib-type sub-

strate), we calculate the mobility, the sheet density, and the

conductivity temperature dependence of the buffer layer

(dashed lines in Fig. 3). Then, using a T-independent mobil-

ity and sheet carrier concentration for the metallic d-doped
region (dotted lines in Fig. 3, lH ¼ 1:3 cm2=V s and pS
¼ 4� 1014 cm�2), we calculated the mixed mobility and

sheet density corresponding to the abrupt junction between

these two layers (full lines in Fig. 3). The resulting simulated

mobility and sheet carrier density are plotted in Fig. 3.

As shown in Fig. 3, calculated values are in agreement

with the experimental data. The observed temperature

dependences were induced by a mixed conduction in both a

thin metallic (highly p-doped) layer and the buffer and top

(NiD) layers allowing higher mobilities. At low tempera-

tures, the metallic layer (d layer) controls completely the

apparent mobility and sheet density, but while the tempera-

ture increased, the dopants of the thick buffer (0:85 lm)

become ionized and the buffer layer contributes to the total

conduction of the structure. The d-layer cannot be considered
alone to describe the experimental data of the structure in the

high temperature range T > 150K. The carriers responsible

of the conduction at high temperature come from the B-

dopant in the buffer and are not due to a delocalisation of the

carrier from the d-layer. The apparent mobility became

closer to the high mobility of the buffer layer at higher tem-

peratures (see Fig. 3(a)), when the sheet carrier density pS
decreases (see Fig. 3(b)) to that of the lightly doped layer

(lower that of the d-layer). Since the rise of the mobility is

counterbalanced by the decrease in pS, the sheet conductivity
does not show a strong variation over the measured tempera-

ture range (not shown). In conclusion, the mobility and sheet

density measured by Hall effect at room temperature are not

relevant to the d-layer in the case of a thick buffer layer. A

temperature dependent measurement is needed in order to

identify the contribution of each layer of the d-doped struc-

ture to the total conduction and so to the apparent mobility.

A way to avoid this problem is to grow a sufficiently thin

buffer layer (active layer thinner than 100 nm for a 2 nm

thick d-doped layer). This is the case of the three samples

studied in the following part.

For samples #2, #3, and #4, the constant sheet carrier

density and mobility measured over the whole range of tem-

perature are typical of metallic conduction. When the metal-

insulator transition (MIT)16 is reached, the Fermi level is no

longer in the forbidden gap but in the valence band, meaning

that all the dopants are ionized over the whole temperature

range. For sample #3, SIMS analysis (cf., Fig. 2) yields a

thickness of 35 nm and a maximum doping level of ½B� ¼ 1

� 1021 cm�3 and 20 nm at ½B� ¼ 1� 1021 for sample #4,

while no SIMS analysis was undertaken on sample #2

because of its expected very low thickness. In fact, as it has

been shown17 particularly in the case of ultra thin highly

doped layers, SIMS analysis is not free of artifacts18 because

of ion mixing doping transition width at NiD=d interfaces is

overestimated, resulting in erroneous values of d thickness

or maximum doping level value.

In order to evaluate reliably the highly p-doped layer

thickness, iso-lines corresponding to the measured value of

sheet carrier density (iso-ps) are plotted in a graph showing

boron concentration versus thickness of the highly p-doped
layer (cf., Fig. 4). For the metallic conduction observed in

the samples under study (i.e., finite conductivity at low tem-

perature), the boron concentration must be at least equal or

larger than 5� 1020 cm�3 (critical boron concentration for

the MIT16). Also, by plotting the sheet carrier density meas-

ured experimentally in a metallic sample, the maximum

thickness of the d-doped layer can be directly read out at the

intercept with the horizontal line corresponding to the critical

concentration of the MIT transition. The isolines of the four

samples of this work are plotted in Fig. 4. This method is not

useful for samples #3 and #4, since the highly doped layer of

these samples are thick enough (more than 20 nm) to be
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FIG. 3. (a) Hall mobility and (b) Hall sheet carrier density versus tempera-

ture of sample #1. The dashed lines correspond to the calculated values in

the buffer layer with ½B� ¼ 3� 1016 cm�3 (SIMS) and compensation equals

to 1015 cm�3 distributed over the 850 nm active layer. The dotted lines are

the values assumed for the metallic highly doped region (T-independent and

values measured at 5K; lH ¼ 1:3 cm2=Vs and pS ¼ 4� 1014 cm�2). The

full lines correspond to the two layers Hall mobility and sheet density using

a multilayer Hall effect model.
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FIG. 4. Iso-sheet carrier density lines measured by Hall effect plotted on a bo-

ron concentration (cm�3) versus thickness (nm) map. For ½B� � 5� 1020 cm�3,

the conduction is metallic. The intercepts of the lines (boundaries between full

and dashed) with the horizontal line corresponding to the critical concentration

for the MIT give the maximum thickness of the highly doped region where

½B� > 5� 1020 cm�3. The symbols are SIMS data for sample #3 (square) and

sample #4 (star).
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measured accurately by SIMS. The SIMS data (B-doping

and thickness of the d-layer) are reported in Fig. 4 (open

square for sample #3 and open star for sample #4), in good

agreement with the Hall data (pS ¼ 4� 1015 cm�2 for sam-

ple #3 (blue line) and pS ¼ 2� 1015 cm�2 for sample #4 (or-

ange line)) showing a full activation of B-dopants. For

sample #1 (black line), the iso-ps ¼ 4� 1014 cm�2 (value of

sheet carrier density at low temperature) indicates that the

thickness of the highly doped layer is less than 8 nm. By

doing the same way with iso-ps ¼ 1014 cm�2 of sample #2

(red line), the highly p-doped layer is found to be equal or

thinner than 2 nm. Calculations based only on the hole distri-

bution in the V-shape potential suggest that delocalisation

would occur for d under 3 nm.19 The highly p-doped layer of

sample #2 is rather thin, but the mobility measured is around

3 cm2/Vs, which is typically the same than the one measured

in thicker highly p-doped layer like sample #3 (cf., Fig. 1).

The result shows that the strong coulombic scattering

induced by ionized boron atoms and screened by the free

holes (Fermi screening radius about 0.3 nm) in the d-layer
limits the mobility of the free hole in the same way than in a

bulk material. No quantum confinement enhancement of the

mobility is observed for a d with ps ¼ 1014 cm�2 correspond-

ing to a maximum thickness of 2 nm, suggesting that thinner

d-layers or/and with sharper interfaces should be grown (i.e.,

ps < 1014 cm�2).

To summarize, it has been shown that no quantum

confinement enhancement of the mobility was present even

for d thickness of 2 nm using transport measurements to

evaluate mobility, sheet carrier density, and thickness.

Low temperature Hall effect is a useful tool to evaluate the

doping/thickness window. This approach becomes neces-

sary for very thin d-layers for which SIMS data could be

erroneous or when parallel conduction in a thick buffer

layer leads to an apparent mobility enhancement at room

temperature.
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