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Deep hole traps in boron-doped diamond
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Deep hole traps in boron-doped diamond epitaxial layers are studied by means of several types of deep-level
transient spectroscopy and density-functional theory calculations. Standard deep-level transient spectroscopy
and high-resolution isothermal transient spectroscopy permit to identify nine deep hole traps. Their capture
cross-sections and ionization energies are systematically determined. In parallel, the ionization energies of
donor and acceptor levels related to boron- and/or hydrogen-related complexes in diamond are assessed by
ab initio calculations in this work and summarized with others from the literature including native defects.
Tentative assignments of the measured deep hole traps to the calculated ones are proposed.
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I. INTRODUCTION

Defects in semiconductors not only influence the electri-
cal and optical properties of these materials but they also
exhibit their own interesting physics. The identification and
control of defects such as interstitials, vacancies, light atoms
impurities like H or N in diamond, and their complex with
host atoms is a major field of research, with important appli-
cations in materials engineering. Defects have been studied
using a wide range of experimental techniques as electron
paramagnetic resonance spectroscopy,'? Hall conductivity,>*
positron annihilation,’ and deep-level transient spectroscopy
(DLTS).6-8

Diamond is still a very attractive material because of its
exceptional physical and electronic properties.’”!! In particu-
lar, diamond exhibits high carriers mobilities,'>'* break-
down strength," and thermal conductivity,'® which enable
diamond to surpass other wide band-gap materials for high-
power and high-frequency electronic applications. However,
the electronic properties of diamond are limited by defects
and impurities introduced during the growth process and
subsequent processing steps in the device fabrication. There-
fore, improvement of the knowledge about this issue needs
to understand and determine the electronic properties and
lattice structures of defects and/or impurities in the diamond
matrix.

Boron is known as the most effective acceptor impurity
for diamond (with a ionization energy of E;~0.38 eV). A
gradual change from semiconducting properties to metallic
state and eventually to superconducting state is observed as
the boron doping level increases from a few 10'* cm™
above 5X10%° cm™.!7!18 However, it is pointed out that
some boron atoms incorporated into diamond do not act as
acceptors, and estimates relying on a combination of
infrared-absorption spectroscopy and secondary-ion mass
spectroscopy suggest that more than some tens percent of the
impurities may be electrically inactive.!” This might arise
either if some boron atoms act as deeper acceptors or if they
are passivated by some association with an other impurity
like hydrogen or deuterium.?%2> Alternatively, boron may
segregate into highly defective regions of the material or
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within inclusions. Multiboron complexes, boron interstitials,
and complexes of B with vacancies would be also candidate
structures for defects resulting in a reduction in doping effi-
ciency. There are experimental as well as theoretical calcu-
lations reports which suggest that heavily B-doped diamond
contains nearest-neighbor-pair complexes which act as deep
traps.?32*

Precise information about defects can be obtained by an
analysis of the junction capacitance transients using DLTS.
DLTS is considered as one of the most sensitive techniques
to investigate the electronic behavior of deep traps in
semiconductors.”>?® Some authors have attempted to apply
this kind of method to investigate shallow levels in either
single crystalline or polycrystalline diamond®’~?° although
not well adapted and have obtained mitigated results. On the
contrary, deep hole traps with various activation energies and
capture cross-sections have been reported experimentally in
the last 20 years, first in polycrystalline diamond films,3-3!
then in single crystalline layers,®®32-3 and from theoretical
calculations.???436:37 But a complete understanding of their
origin is still lacking. In the present work, we report the
observation of deep hole traps in different homoepitaxial
boron-doped diamond layers using electrical transient mea-
surements. In Sec. II, the experimental details and ab initio
method are described. In Sec. III, together with previously
observed deep traps, a general insight is summarized and
listed in Table L. In Sec. IV, density-functional theory (DFT)
calculations of defect levels involving H and B are given and
reviewed. Finally, in Sec. V and Tables II and III, we propose
possible assignments of the observed DLTS deep traps to
calculated donor or acceptor levels related to defects involv-
ing boron complexes and/or hydrogen.

II. EXPERIMENTAL AND CALCULATIONS DETAILS

A. Sample growth

Two boron-doped diamond films, called BMOI and
BMO02, were prepared on Ib (100) 33X 0.5 mm?® Element
Six substrates in the laboratory of the two last authors.
Microwave-plasma-enhanced chemical vapor deposition was
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TABLE I. Summary of the deep traps above the valence band studied by deep-level transient spectroscopy and high-resolution isothermal
transient spectroscopy in boron-doped diamond films. BMO1 and BMO2 are the two samples investigated in this work. [N4—Np]cy is the net
acceptor concentration measured by capacitance voltage technique. Er—Ey, is the free energy of the hole transition between the deep level
and valence-band edge and o the capture cross-section for holes, as defined in Eq. (1). Ny is the deep-level concentration in the samples.

[Na=Nplev Er—Ey Nr g

Sample or Reference (cm™) (eV) (cm™) (cm?) Traps label
32 and 35 7X10'°-9 x 10'6 1.57+0.1 5X10M%-2x10'° 2X10712-8x 10712 Hia
BMO02 1.9%10'° 1.57+0.03 Not measured 1x10711-2x 10711 Hp
BMOI 1.7x 10" 0.98 +0.04 Not measured 2Xx10717-6x 10717 Hic
BMO1 1.9 10'6

7 1.08 +0.05 =<10'® 6x 10710 Hp
BMO02 1.7% 10
32 and 35 7% 10'°-9x 10'6 1.11+0.04 10-10'0 1x10718-4x10"18 Hja
BMO02 1.9 10'6 1.39+0.03 2Xx 10 to <10 3X10714-9x 1071 Hja
BMO02 1.9 10'6 1.26+0.03 2X 10" to <10 1x1075-2.5x 1071 Hip
BMO02 1.9 10'6 1.14+0.07 101 to <10 1x10717-9x 10717 Hic
BMO02 1.9%x10'° 1.24=0.06 10 to <10 1x10717-9x 10717 Hip
BMO02 1.9x 10'° 1.06 =0.09 101 to <10 0.3x107-11x 1071 Hig
BMO02 1.9x10'° 0.780.03 101 to <10 1.2X10722-5X 1072 Hp
6 5X10'°-20x 10' 1.16+0.03 Not measured 4x1071
6 5% 10'°-20x 10'° 1.4+0.07 Not measured 3% 10777
8 5x10' 1.28 1x10' Not measured
33 7% 101 0.83 1x 105 Not measured
33 7x 10 1.25 Not measured Not measured

carried out using methane (CHy4)-hydrogen (H,) gas mix-
tures. The growth temperature, the pressure, the microwave
power, and the ratio of CH,/H,, were fixed at 930 °C, 100
mbars, 600 W, and 0.3%, respectively. Boron incorporation
was realized with trimethylboron residual in the reactor. The
thickness of the two boron-doped layers were estimated to be
1.5+0.1 wm. Lateral dot and plane (with ring-shaped-gap)
Schottky barrier diodes*>** were fabricated on the boron-
doped homoepitaxial diamond layer. Before fabrication of
Schottky barrier diodes, the samples were cleaned in a mix-
ture of sulfuric acid (H,SO,) and nitric acid (HNO;) at
200 °C for 1 h to remove any graphitic layer and/or surface
contaminations. Each Schottky contact pad (120-nm-thick
Al film) was surrounded by the ohmic contact (30 nm Ti/
40 nm Pt/50 nm Au) with 20 wm gap and there were nine
Schottky contact pads in a 3 X3 mm? size diamond sample.
The diameter of each Schottky contact pad was 200 um.
The ohmic contact (Ti/Pt/Au) was annealed at 700 °C
for 1 h in high vacuum (10~® Torr) before fabricating the
Schottky contacts. The gap between the Schottky diode pe-
riphery and the ohmic contact results in a series resistance
and therefore a diode cut-off frequency for capacitance mea-
surements C(V) near 1 MHz between 300 and 400 K, de-
pending of the sample. As the measurement frequency is also
1 MHz, the boron doping concentrations are deduced from
C(V) at 600 K for ensuring that the cut-off frequency of the
diodes are well above the measurement frequency. They
amount in average to 1.7 X 10" ¢cm™ and 1.9 10'® cm™,
respectively, in samples BMO1 and BMO02.

B. Deep-level transient spectroscopies

DLTS is a high-frequency capacitance transient method
useful for observing a wide variety of deep centers in semi-
conductor junctions like Schottky diodes, where the deple-
tion zone width can be controlled by the applied voltage. The
electrical transients due to majority carrier emission take
place under reverse-bias voltage after an electrical pulse at a
lower or zero-reverse-bias voltage, which shrinks the deple-
tion zone width and fills the deep levels momentarily in-
cluded in a slice of the neutral zone with majority carriers,
here holes. When the reverse-bias voltage is restored, a
multiphonon-assisted transition drives the population of ma-
jority carriers trapped on the deep level toward its previous
equilibrium value inside the same slice which is now incor-
porated again into the depletion zone. If only one deep level
is involved, this population follows the exponential decreas-
ing law characterized by a time constant which is, in fact, the
inverse of the transition probability per unit time W, com-
monly called the emission rate e, in a p-type semiconductor.
It can be monitored either from the transient current or
charge, or capacitance, or voltage if the capacitance of the
junction is maintained constant by a feedback loop in the last
case. In this work, the capacitance-voltage (C-V) and capaci-
tance transient AC(r) measurements are performed in a broad
temperature range, able to scan the 85-870 K interval, using
a Phystech FT 1030 digitizing DLTS system,* a Linkam
temperature controller and sample holder, and some addi-
tional algorithms which are detailed further. At the measure-
ment frequency of 1 MHz, the capacitance of the reverse-
biased junction follows linearly the deep-level population if
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TABLE II. Summary of the deep donor levels related to boron,
hydrogen, or native defects in the diamond band gap calculated by
ab initio method and tentative attribution to traps observed by deep-
level transient spectroscopy. Deep levels deduced from DLTS and
donor level ab initio calculations summarized in this table are ex-
tracted both from this work and references of the literature.

Donor Energy level
level (eV) Reference  Possible DLTS traps
H E.-3.26 This work No
E.-3.0 38 No
E.-2.38 39 No
E.-3.0 40 No
H, E.—4.84 This work Hsg
Close E, 38 Hsp
B, E.—-49 This work Hig
B; E,+4.8 to 2.4 41 No
I E,+2.5 41 No
Byl E,+2.2 41 No
BH E.—4.84 42 H;r
BH, E.-2.38 42 No
E,+2.6 or 2.9 41 No
E.—1.84 to 2.88 40 No
BH; E,+0.2 41 No
BH, E,+1.8 41 No
A% E,+0.6 43 Hsg
ByV E,+1.0 24 and 41 Hic, Hya, Hy;
BsVH Close E, 41 H,c, Hya, Hy;
ByVH, Close E, 41 H;c, Hyu, Hy;
BgVH, Deep 41 No

the deep-level concentration stays below some tens percents
of the shallow concentration, a case which is achieved in the
samples under study. After a filling pulse of duration ¢, tran-
sients are repetitively recorded during the time window ¢, so
that an averaged digitized signal is obtained in each time
window. Different ways may be used for processing this sig-
nal and plotting the result. Here, Fourier transform DLTS
(Ref. 46) is preferred because it opens the route for a quan-
titative analysis of the response and appears as the more
natural method for extracting the emission rate since the
spectrum derived in this way lies in the frequency domain, of
same dimension as the emission rate. Indeed, for a single
exponential transient lasting ¢,,, each Fourier coefficient of
rank n of the transients, either the real a, or the imaginary
part b, contains quantitative information about this emission
rate e, which can be extracted from the maximum position
in the spectrum, plotted as a function of the frequency when
isothermal transient spectroscopy (ITS) is used. The fre-
quency is simply obtained from n/t,. Alternatively, DLTS
relies on the emission-rate changes induced by temperature,
which yields again a bell-shape curve when recorded at con-
stant frequency. In the two methods, the spectra involve
unique relationships both between (i) the maximum position
against the emission rate at each temperature and (ii) the
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TABLE III. Summary of the deep acceptor levels related to
boron, hydrogen, or native defects in the diamond band gap calcu-
lated by ab initio method and tentative attribution to traps observed
by deep-level transient spectroscopy. Deep levels deduced from
DLTS and acceptor level ab initio calculations summarized in this
table are extracted both from this work and references of the
literature.

Acceptor Energy level
level (eV) Reference Possible DLTS traps
H E,+3.07 This work No
E.—1.8 38 No
E.—1.45 40 No
H, E,+4.69 This work No
By E,+0.2 24 No
B, E,+1.0 to 1.2 (-,0) 24 Hia, Hip, H3p
E,+2.5 to 2.6 (--,-) 24 No
E,+1214 This work Hja, Hip, Hza
B; E.-0.1 to 1.1 24 No
I E.-19 41 No
Bl E.-1.38 24 and 41 No
BsB; Deep 24 No
BH E.—1.00 40 No
E,+4.44 42 No
BH, E,+1.14 42 Hia Hip, Hsa
E,+1.6 to 1.9 41 Hia, Hig, H3a
B,H E,+0.2 23 No
\% E.-25 43 No
V, E,+1.7 43 Hia, Hip, H3a
BgV E.-3.6 24 and 41 Hia, Hip, H3a
B,V E.-39 24 Hia, Hip, H3a
B3V E.-5.6 24 No
B,V E.-5.6 24 No
BgVH Midgap 41 No
BgVH, Midgap 41 No
BsVH; E.-25 41 No
B¢VH, Deep 41 No

amplitude of the peak against the deep-level concentration
Ny. This later quantity is evaluated in this work using this
method. From the detailed balance principle, the emission
rate or equivalently the transition probability per unit time

can be expressed under the following form:>>-2
e, W (E;—E,)
#7”“"1{-7 ’ W

where E;—Ey, is the free energy of the transition, o the cap-
ture cross-section for holes, which may be thermally acti-
vated, and vy is a material constant defined as,

m'k?

/S

y=(967)"%g 2)

where m™ is the hole effective mass, 4 is Plank’s constant,
and g is the degeneracy factor. The vy value for holes in
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FIG. 1. (Color online) Experimental deep-level transient spectra
featured as the imaginary part of the first-order Fourier coefficient
of the transients for three frequencies (circles) and simulated spec-
tra (full lines) whose maximum position is adjusted to match the
experimental curve with the help of only one capture cross-section,
in one diode made on the sample BMO1. Simulated curves are
calculated with a free energy of ionization of 0.98 eV and a capture

cross-section of 3.2X 10717 ¢cm?.

diamond is 2.6 X 10?! cm™2 s7! K2 if g=1. The slope of the
Arrhenius plot e‘,,/T2 versus (1000/7) yields the activation
energy, which is the free energy of the transition only if the
energy barrier for capture can be neglected. However, this
latter quantity is generally considered as included in the un-
certainty coming from the random deviation of data to a
straight line. Then, as shown in Fig. 1, simulated spectra can
be plotted and the position of their maximum is adjusted to
experimental data with the help of a single capture cross-
section, which is therefore obtained at the temperature where
the maximum of the spectrum takes place. In this way, the
capture cross-section is derived with a fairly good accuracy
because it depends only on the activation energy uncertainty,
as deduced from that happening on the slope of the Arrhen-
ius diagram. Moreover, it is determined at the actual tem-
perature, without the large inaccuracy which characterized
the old method relying on the intercept of the vertical axis in
the Arrhenius diagram, at infinite temperature. Such an im-
provement is very useful for getting the charge state of the
defect before capture of a carrier with a much higher degree
of truth than in the past. However, as shown in Fig. 1, the
simulated spectra, which are based on a Dirac-type distribu-
tion of the emission rates, meaning that only one emission
rate plays a significant role at each temperature, is narrower
than the experimental one. Such a result is almost systemati-
cally encountered in diamond and indicates a more complex
distribution function g(W) for the emission rates. This is the
reason why Fourier transform DLTS and specially high-
resolution isothermal methods are preferred here. These
more relevant tools for approaching a realistic distribution
function g(W) consist in high-resolution ITS (HR-ITS), ei-
ther based on a Tikhonov regularization analysis of the tran-
sients recorded along a logarithmic time scale®3?*” or the
same algorithm both applied to imaginary and real parts of
the Fourier transform of the transients.*® These methods will
be used when complex distributions of emission rates hap-
pen.
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C. Ab initio calculations

The structure and electronic properties of isolated hydro-
gen, hydrogen-hydrogen, boron-boron, and boron-hydrogen
complexes were investigated using the Vienna ab initio
simulation package (VASP) code.* It is based on DFT within
the generalized gradient approximation.® Projector aug-
mented wave is used with a basis cutoff equal to 318.6 eV."!
The Monkhorst-Pack scheme®? with 5X5X5 k points has
been used for integration in the Brillouin zone. The error of
total-energy convergence is smaller than 10 eV. The den-
sities of states are calculated using the tetrahedron method
with Bloechl corrections. The calculation of the energy band
gap for pure diamond (E,=4.2 eV) is in good agreement
with theoretical calculations.**3

Non-neutral charged states were modeled by adding or
subtracting one electron to the system. A uniform back-
ground is then automatically added by VASP to keep a neutral
system and avoid problems related to coulomb energy of
ordered interacting charged defects. The error associated to
this procedure is reduced for large cells such as the 3 X3
X3 to 4 X4 X4 cubic cell.

Calculation of ionization energies is not straightforward
because of the well-known drawbacks of the DFT approach:
it does not lead to a good value of the gap width>* and the
Kohn Sham levels—eigenvalues obtained by the ab initio
calculation—have no clear physical meaning and should not
be used as the quasiparticle energies. Furthermore, there is
no absolute energy reference in ab initio calculations that
involve different atomic concentration so no way to fix the
conduction-band minimum. As we are dealing with point de-
fects, the geometry and then the related electronic level of
the defect can change with its state of charge. So that the
most stable configuration have to be searched for each
charge state to evaluate the ionization energy. There are sev-
eral methods for calculating the electrical energy levels of
defects, none of them has become universally accepted. The
formation-energy method involves comparison of the calcu-
lated formation energies of defects in different charge
states. Recently, marker method has been successfully used
for electrical energy-level calculations, in the case of boron-
hydrogen complex in diamond, chalcogen defects in dia-
mond and silicon.*0#133-56-58 This method eliminates some
of the errors in DFT calculations, such as an underestimation
of the band gap, which may influence the position of the
defect levels and systematic errors coming from the compen-
sating background for charged defects.’®>° In present study,
the marker method is employed to investigate ionization en-
ergies. It scales the searched ionization energy using another
known defect—the marker—for which this value is well
known as described in Ref. 42.

III. EXPERIMENTAL RESULTS AND ANALYSIS

A. Fourier transform deep-level and isothermal transient
spectroscopies

Fourier transform DLTS spectra, consisting here in the
first-order imaginary Fourier coefficient of transients mea-
sured at three frequencies as a function of temperature in
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FIG. 2. (Color online) Arrhenius diagram of deep hole traps, i.e.,
the hole emission rate divided by the square of the temperature
(ep/Tz) against 1000/ T as defined in Eq. (1), in boron-doped dia-
mond layers. Symbols have been obtained in this study in samples
BMOI (triangles) and BMO2 (squares), while full lines feature re-
sults already published in the literature (Refs. 32 and 35). The full
symbols aligned along dashed-dotted lines are deduced from the
classical method described in the text, while open symbols come
from the high-resolution isothermal transient spectroscopy method.
The physical parameters of the deep traps labeled in this figure are
summarized in Table 1.

sample BMO1, are shown in Fig. 1. All the Fourier coeffi-
cients a, and b, and various correlation functions like those
using square wave kernels*® display similar bell-shape
curves, with a characteristic ratio between the emission rate
and the frequency for each of them at their maximum if a
single emission rate is assumed to operate at each tempera-
ture. Therefore, emission rates can be derived for all the
temperatures where some coefficient passes through a maxi-
mum value and then plotted in an Arrhenius diagram like
shown in Fig. 2, which allows to deduce the activation ener-
gies. Then, the capture cross-section is adjusted in order that
the maximum of each simulated Fourier coefficient or corre-
lation function matches the experimental one, like in Fig. 1.
The couple of these two parameters, namely, the activation
energy and capture cross-section, is the signature of each
deep level and appears as a straight line located at a unique
place in the Arrhenius graph. The results are summarized in
Table I and Fig. 2, where results derived with the help of the
method described before appears with full symbols aligned
along dashed-dotted lines. Already published results’>3 are
displayed in full lines without data points while open sym-
bols come from the HR-ITS method detailed in the follow-
ing.

B. Analysis of transients recorded along a
logarithmic time scale

As pointed out previously in this paper and former refer-
ences, the DLTS spectra are generally not well fitted by the
theoretical law calculated from the Fourier transform of a
single exponential transient with a single emission rate at
each temperature, which reads exp(—e,t) or exp(—Wr), where
t is the running time. Consequently, it is advisable to con-
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sider that the transients and their Fourier spectra result from
a multiple transient law which can be written AC(z)
=[5g(W)exp(-Wr)dW, taking the emission-rate distribution
g(W) into account. This expression looks like Laplace
transform®-®! but differs in several respects. First, it should
be rather an inverse Laplace transform since the integral is
calculated in the emission-rate domain, not in the time do-
main. Second, the variable W is a real quantity, as expected
for an observable, not a complex one. Third and more im-
portantly, the left-hand side is known from measurements,
with an unavoidable superimposed noise, whereas the distri-
bution g(W) has to be determined in the right-hand side of
the equation, which is a Fredholm integral. This calculation
requires the inversion of this Fredholm integral equation and,
therefore, to solve an ill-posed problem. Nevertheless, a re-
liable estimate of the distribution function can be derived
with a regularization method.*”¢26> The FTIKREG algo-
rithm from Weese®® with the exp(—~Wr) kernel is used here
because it has proven its robustness along many trials that
we have performed to extract reliable distribution functions
from experimental transients in large gap semiconductor
junctions. In addition to the sum of all the squares of the
difference between the experimental data and the right-hand
side of the Fredholm equation, taken from every measure-
ment and normalized by the experimental uncertainty, a third
term, motivated by the theory of Tikhonov regularization,
prevents the experimental errors from having too a large in-
fluence on the result. This third term is chosen proportional
to the norm of the distribution function g(W) and is weighted
by the so-called regularization parameter which has essen-
tially the same meaning as the bandwidth of a filter for
smoothing noisy data. In the minimization procedure, an op-
timal value of the regularization parameter is calculated in
FTIKREG, but can also be given by the user in order to
check its influence on the result. As indicated by the author®
and easily checked by applying the algorithm to any simu-
lated transient, the exact solution for g(W) is indeed obtained
if no noise is added to the transient data calculated from an
arbitrary distribution function g(W). The main effects of the
superimposed noise included into the real measured data
consist in a broadening and eventually slight shifts of the
structures of g(W), as we have checked from simulated data.
Moreover, the expression AC(t)=f }2 %Z;‘g(ln W)exp
(—=Wr)d(In W) is preferred because all the quantities experi-
ence very large variations in the frequency and in the time
domain as well. Similarly, the transients, initially recorded as
a function of a linear time scale for many time windows,
ranging from some hundreds microsecond to thousand sec-
onds, are joined together in order to build a logarithmic tran-
sient at each temperature, which displays the capacitance
variation as a function of the logarithm of time, like shown
in Fig. 3.

Applying the FTIKERG algorithm to the data of Fig. 3
allows to deduce the experimental distribution functions
g(W) displayed in Fig. 4. One can see that two groups of
structures emerge: (i) at highest emission rates, a broad peak,
its full width at half maximum being close to one decade,
associated to a tail comprising generally several overlapping
peaks on its lower abscissa side; (ii) continuing toward the
lowest emission rates, two peaks can be distinguished, at
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FIG. 3. (Color online) Capacitance transients plotted as a func-
tion of the logarithm of time for several temperatures in one diode
of the boron-doped diamond sample BMO02. The reverse-bias volt-
age is 1 V. The filling pulse lasts 0.5 s and its voltage level amounts
to —1.5 V in forward bias. As a consequence, deep levels are
probed in a slice comprised approximately between 90 and 150 nm
below the Schottky contact.

least between 650 and 580 K, while dispersion of the distri-
bution increases at the lowest temperatures. The shape of
g(W) is generally stationary along the different temperatures,
apart from the expected shift of the peaks toward lower emis-
sion rates when the temperature decreases. However, the su-
perimposed noise being not the same from one measurement
to the subsequent one, the width of the peaks in a distribution
may experience large variations in few cases in Fig. 4. Such

Distribution function
of emission rate (arb. units)

10°  10% 10" 10° 10" 10° 10°
Emission rate (s”)

FIG. 4. (Color online) Distribution function g(W) of the emis-
sion rates for temperatures decreasing from 650 K at the bottom of
the figure to 490 K at the top, with 10 K steps, deduced from
applying the FTIKREG algorithm to transients of Fig. 3 for boron-
doped diamond (sample BMO02).

PHYSICAL REVIEW B 81, 235205 (2010)

a drawback can be largely corrected with the next method.
The large dispersion of the emission rates at each tempera-
ture indicates unambiguously that deep levels are multiple
and each of them has either ionization energy or capture
cross-section, or both, which undergoes some variation, de-
tected with a much higher resolution than in the standard ITS
or DLTS methods. Such a broad distribution is not expected
for point defects, except under uniaxial pressure to a limited
extent’! or some other external perturbation which is not
present here. Consequently, it is likely that the deep levels
detected in these samples are related to complex and ex-
tended defects, in which variability of the site environment
and inhomogeneous internal strain and electric field may in-
duce a significant dispersion of the physical characteristics of
the levels.

C. Direct analysis of isothermal spectra in the frequency
domain

As many transients of increasing duration #,, are recorded,
their Fourier transforms are simultaneously calculated for
frequencies n/t,, n being an integer. The imaginary and the
real parts of the Fourier transform of the transients shown in
Fig. 3 are displayed in Fig. 5 with n=1. Since the quantities
which are searched at each temperature consist in emission
rates, it is more natural and efficient to deal with data that are
already in the frequency domain, where they appear as a set
of peaks. The FTIKREG algorithm can also be applied to a
double set of data, which are the images of dispersive and
dissipative parts of a physical quantity like in Ref. 48. Here,
taking into account the recording of the experimental tran-
sient with a delay settled to t,=t,/4 after the end of the
filling pulse, the two Lorenzian kernels corresponding to the
imaginary B,(f) and the real A, (f) parts of the Fourier trans-
form of the retarded transient exp[—W(z+1,)], with the fun-
damental frequency f=1/t¢,, read

~ 1 — exp(— WIf)

B, (f) = mn exp[— W/4f]—(W/f)2 Q) (3)
W 1 —exp(— WIif)

A,(f) = 2fexp[— W/4f]—(W/f)2 Q) (4)

The FTIKREG algorithm is now used with these two ker-
nels to derive the most probable distribution of emission rate
from the imaginary and the real parts of the simulated
spectrum, respectively, [ %ﬁ wrasg(In W)B,(f)d(In W) and

min

I }E %f"‘g(ln W)A,(f)d(In W) because Fourier transform is a

mn

linear operator. These quantities are compared in the same
way as in the previous time-domain method to the experi-
mental data displayed in Fig. 5 at each temperature. The
whole information contained in experimental data is basi-
cally the same as before Fourier transformation, but now it is
dispatched along the frequency axis, of same dimension as
the emission rate and the constraint of matching the same
distribution g(In W) for both the imaginary and the real parts
of the spectrum independently, is more stringent. Moreover,
the superimposed noise appears as a smoother contribution
than in the time domain where it is a random additive com-
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FIG. 5. (Color online) Set of isothermal spectra or equivalently,
(a) the imaginary and (b) the real parts of the Fourier transform of
the capacitance transients shown in Fig. 3 from 650 to 500 K by 10
K steps, as a function of the fundamental frequency, for boron-

doped diamond (sample BM02).

ponent. Its effect can be partially controlled by adjusting the
relative amplitude of the two parts of each isothermal spec-
trum in order that the width of the peaks of g(In W) reaches
its minimal value and remains more or less constant through-
out the whole temperature range, as displayed in Fig. 6.
However, the ultimate effect of noise consists in broadening
the peaked structures of g(In W) and it cannot be removed.
Here also, the exact distribution function would be obtained
if no noise were present. Then, the question of the real width
of the structures contained in the distribution function is
raised. As shown in Fig. 7, both the imaginary and the real
simulated spectra calculated with the help of the quasicon-
tinuous distribution function displayed at 580 K in Fig. 6
perfectly match the experimental spectra whereas a multi-
peaked distribution comprising only the Dirac-type compo-
nents pertaining to the maxima of Fig. 6 at 580 K leads to an
oscillatory behavior which does not exist in the experimental
spectra. This is a first indication of the quasicontinuous na-
ture of the distribution function of the emission rates. In
other words, a physical reason causes a broadening of the
emission-rate structures which cannot be entirely ascribed to
the mathematical processing. An other benefit of this method
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of emission rate (arb. units)

10" 10° 10" 10* 10°

Emission rate (s™)

10° 107

FIG. 6. (Color online) Distribution function g(In W) of the emis-
sion rates for temperatures decreasing from 650 K at the bottom of
the figure to 500 K at the top, with 10 K steps, deduced from
applying the FTIKERG algorithm to the imaginary and the real
isothermal spectra in Fig. 5 for boron-doped diamond (sample

BMO2).

comes from the prefiltering operated by the Fourier transfor-
mation, which finally increases the resolution, as it can be
seen in most spectra of Fig. 6 in comparison to Fig. 4. From
all these considerations, it turns out that the frequency do-
main processing method is more robust and reliable, give
distribution functions with higher resolution and for these
reasons deserves to be named HR-ITS.

FEF R

N w S (3]
o o o o

-_
o

T

10?

Experimental and simulated Fourier
coefficients of capacitance transients (fF)

o

10" 10° 10’ 10°

10”
Frequency (s'1)

FIG. 7. (Color online) The imaginary and the real Fourier spec-
tra of the capacitance transients at 580 K of boron-doped diamond
(sample BMO02): experimental data are shown, respectively, with
circles and diamonds. The spectra calculated from the distribution
function displayed in Fig. 6 are drawn in full lines and match ex-
actly the previous ones. Spectra calculated from a multipeaked dis-
tribution function which retained only the contributions pertaining
to the maxima of Fig. 6 are shown in dashed-dotted lines. The
arrows associated to the letter i on the top of the figure refer to the

frequency position of the Hy; trap.
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FIG. 8. (Color online) Arrhenius diagram, i.e., the hole emission
rate divided by the square of the temperature (e,/ 7%) against
1000/T as defined in Eq. (1), deduced from the peak positions of
the distribution functions of Fig. 6, plotted, respectively, with
squares (Hszp), circles (Hsg), upward triangles (Hzc), downward
triangles (Hsp), left triangles (Hsg), and lozenges (Hsp) for boron-
doped diamond (sample BMO02).

From the previous analysis, peak positions appearing in
Fig. 6 at each temperature are representative of the most
intense emission rates existing in each distribution function
with some additional broadening due to original noisy data.
Then, monitoring peak position as a function of the tempera-
ture allows to plot Arrhenius diagrams in a reciprocal tem-
perature range of at least 0.3 in 1000/7 units, as done in
Fig. 8.

Corresponding ionization energies and capture cross-
sections derived from HR-ITS in sample BMO02 are added in
Table I with Hj; labels (i=A,B,C,D,E,F) while hole traps
H,; and H,; have been deduced either from studies in other
samples or BMO2 during the first thermal cycle as discussed
in the last section. Capture cross-sections are checked with
the same method as in Sec. III A except that the calculated
emission rates are compared to the peak position of the dis-
tribution function in Fig. 6.

IV. AB INITIO CALCULATIONS

In order to investigate the electronic properties of possible
candidates for the observed traps in B-doped diamond, we
performed ab initio calculations concerning: (i) segregation
of boron atoms, (i) hydrogen atoms trapped near to boron
atoms, and (iii) hydrogen atoms trapped in diamond without
boron atom.

For boron dimers (two boron impurities per cell) several
relative positions are considered. Starting from first-nearest
neighbor positions (NN), we computed up to eight-nearest
neighbor positions (8NN). It is found that first-nearest neigh-
bors are most stable. These results contradict the boron dimer
case in silicon, where two substitutional boron atoms prefer
configurations remote from each other because of tensile
stress.% Our calculation is in good agreement with the recent
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theoretical calculations for boron dimers in diamond matrix,
where first-nearest-neighbor configurations were found to be
about 200 meV more stable compare to the second-nearest
neighbor within a different localized basis LDA
approach.?>% Using the marker method as described in a
previous work,*? the ionization energy of the acceptor level
of the dimer has been calculated at E,+1.214 eV, in good
agreement with the previous calculated acceptor level at E,
+1-1.2 eV by others.”>?* The donor level is found at E,
—4.9 eV. These DFT calculations revealed the boron dimer
which yields deep acceptor (E,+1.214 eV) compared to iso-
lated boron impurity (E,+0.37 eV) in diamond. The deeper
acceptor involved by boron dimers can be understood by the
shift of the original acceptor level as suggested in Ref. 24.

Ab initio calculations for H and H, have been performed.
Three different sites have been calculated for H: bond cen-
tered (BC), hexagonal (Hex), and tetrahedral (T). The most
stable structure (BC) and its geometry are in good agreement
with other recent results where the atomic positions are also
relaxed.®41:66-68 For H, we considered the following con-
figurations: H; (one H at BC, the other one at the antibond-
ing position), Hypc (same than H; with puckered positions),
H," (one H at tetrahedral site the other one at the neighbor-
ing Hex site), H3' (2 H at neighboring T sites). Hj is the
most stable configuration in agreement with literature.®-”
The acceptors levels of H and H, were found, respectively, at
E,+3.07 eV and E,+4.69 eV. The donor levels of H and
H, were found, respectively, at E.—3.26 eV and E,
-4.84 eV.

The BH and BH, complexes have been theoretically in-
vestigated in a previous work.*> The most stable structure
and the associated ionization energies have been given. The
acceptors levels of BH and BH, complexes were found, re-
spectively, at E,+4.44 eV and E,+1.14 eV. The donor lev-
els of BH and BH, complexes were found, respectively, at
E.—4.84 eV and E,.—2.80 eV. These values are also in good
agreement with preceding works. 40418

V. DISCUSSION

In order to determine the origin of the deep DLTS traps,
two different and complementary methods are generally
used: (i) comparison of the free energy and capture cross-
section with the calculated electronic properties of defects or
impurities (like ab initio calculations, for example) and (ii)
special behavior of the trap with some changing parameters
(annealing, profile depth, presence of the impurity or not
during the growth, etc, ...). Here, a discussion about the
origin of the different traps observed in this work will be
given. In order to propose some possible candidates for each
DLTS traps, we must consider the nature of the level (donor
or acceptor) and the calculated transition energy [for ex-
ample, (0/+)] from the ab initio part with the measured
cross-section and the ionization energy from the experimen-
tal part. However, it must be notice that we will focus here
on the electronic properties calculated for a trap level but we
do not consider the probability for them to exist or not. Spe-
cific calculations concerning the formation energy must be
done in order to validate this proposition.
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A. Donor levels

The capture cross-section with values lower than
10-'* cm? are related to repulsive or neutral centers (nonat-
tractive) and so correspond to donor traps in p-type material
(hole capture). This is the case of the traps H;¢, Hsg, Hac,
Hjp, Hsg, and H; found in the samples of this work and H,
from Refs. 32 and 35. Donor level means a change in the
charge state of the center resulting in the addition of one +
charge when an hole is captured [as, for example, (0/+) or
(+/4+), etc, ...]. So, the ionization energies measured in this
work have to be compared with these transition energies
from theoretical works. Possible candidates are B and H re-
lated centers or intrinsic defects as interstitial or vacancy.

B,, H,, and BH complex donor levels (0/+) calculated in
this work or in Ref. 42 have been found close to E.
—4.8 eV, corresponding to =FE,+0.6 eV. This is at the same
ionization energy than the donor level of the vacancy.** The
H;k level (E,+0.78 eV) measured by HR-ITS which has an
extremely low capture cross-section =1072? cm? is in good
agreement with all these levels.

Concerning the BH, complex, the expected donor level is
too deep to be observable with DLTS [E,+2.75 €V (Ref. 42)
and E,+2.60 eV with negative-U system*'). The atomic
structure of the BH; complex is not clearly identified up to
now but could create a donor level at E,+0.20 eV.*! This
energy level is not in the DLTS window. The BH, complex is
calculated to be a deep donor at E,+1.80. eV (Ref. 41)
which is deeper than the trap measured in this work.

A good candidate for the H,¢ (E,+0.99 eV), H,, (E,
+1.15 eV), and Hs; (E,+1.06 eV to E,+1.39 eV) traps is
the BgV complex which is calculated at E,+1.0 eV from the
valence band.”* Other possible traps for these centers are
BgVH or BgVH, which are calculated as donor levels close
to the valence band. It must be noticed that the H,, (Refs. 32
and 35) and Hj; trap density is decreasing from the surface to
the bulk. In the case of Hj;, the trap depth profiles are chang-
ing after temperature cycling.”! H and vacancy are in good
agreement with such kind of properties since these defects
are able to move in diamond for this temperature range.

BgVH, is a deep donor and B,H, B,H,, B;, and Bl are
donor levels too far from the valence band*' to be observed.
A summary of the deep donor levels related to boron, hydro-
gen, or native defects in the diamond band gap calculated by
ab initio method and tentative assignments to traps observed
by DLTS is given in Table II.

B. Acceptor levels

Only two trap levels measured in this work (H;5 and H;»)
can be attributed to acceptor due to their cross-section. The
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H;; has a huge cross-section value of 1X107'1-2
X 107" c¢m? and the H;, at the limit of the neutral center.
The H;, trap observed in Refs. 32 and 35 has exactly the
same free energy that H;g but has a slightly smaller cross-
section (2 X 10712-8 X 10712 c¢m?). As for donor levels, most
of the defects are clearly not in the good energy range (B;V,
B,V, B,H, B,, B;, B§l, BgVH, BVH,, BVH;, and BVH,).*!
Possible candidates for these three traps are the B dimers
(E,+1.214 eV) calculated in this work, the BH, (E,
+1.14 eV),® the B,V (E,+1.6 eV),* the ByV (E,
+1.9 eV),** the divacancy (E,+1.7 eV), and vacancy
disk.*® Starting from the hypothesis that £.—1.84—2.88 and
H,p have the same origin but with different diameters (in-
volving different cross-sections) of the attractive potential
well (near 20 nm), the best candidate is the vacancy disk
which is able to move for this temperature range as observed
in Refs. 35 and 71.

A summary of the deep acceptor levels related to boron,
hydrogen, or native defects in the diamond band gap calcu-
lated by ab initio method and tentative of attribution to traps
observed by deep-level transient spectroscopy is given in
Table III.

VI. CONCLUSION

Deep hole traps in boron-doped diamond have been inves-
tigated experimentally (deep-level transient spectroscopy and
high-resolution isothermal spectroscopy) and theoretically
(ab initio calculations). Nine different hole traps have been
identified between 0.78 and 1.57 eV from the valence band.
Comparing with calculations, some tentative assignments of
the deep traps with donor or acceptor levels of native defects
and/or hydrogen and/or boron complexes have been pro-
posed.
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