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The drift velocity of holes in natural diamond is analyzed for a wide range of temperatures 85 < 7' <700 K and
fields 10°<E <6X 10* V/cm applied parallel to <100> and <110} crystallographic directions. Experiments are
carried out with the time-of-flight technique, and theory uses a Monte Carlo method. The microscopic
interpretation is based on a two-spherical and parabolic band model and considers lattice scattering only. Values
m, = 1.1 m, and m;, = 0.3 m, for heavy- and light-hole effective masses are found.

L. INTRODUCTION

This work, the fifth of a series of papers devoted
to the study of carrier drift velocity in elemental
semiconductors of group four,"4 presents an ex-
perimental and theoretical investigation of the drift
velocity of holes in natural diamond as a function
of temperature and electric field applied parallel
to different crystallographic directions.®

Few data exist in the literature on transport
properties of holes.® Hall mobility has been re-
ported by different authors®*® and among them the
most recent, Refs. 12 and 13, summarize well the
behavior of the Hall mobility in the 110< 7' < 1000
K temperature range. In Ref. 13 data of Hall mo-
bility as a function of electric field strength at 120
K were also presented.

Concerning the microscopic interpretation, the
values of the effective masses of holes are still an
open problem. In fact, the values deduced from
cyclotron resonance experiments of Rauch!* were
found to disagree both with values obtained from
transport experiments®® and band-structure calcu-
lations. %" Ags an example, under ¢/A>>1 condi-
tions (e being the hole energy and A =0. 006 eV the
spin-orbit energy) the density-of-states effective
mass for heavy and light holes calculated as in
Ref. 18 are m;, =2.30m,, m, =2.08m, (m, being
the free electron mass) with the Rauch parame-
ters' and m,=0.40m,, m,=0.28m, with the
Lawaetz parameters.” Furthermore, very little
is known on the deformation potential parameters
describing lattice scattering interaction.

The aim of this paper is to present a systematic
set of experimental data of the hole-drift velocity
and, from a theoretical interpretation, to suggest
reliable values for the hole effective masses and
deformation potentials. Measurements of the
drift velocity are performed in the temperature
range 85 <7 <700 K and for electric fields between

23

10% and 6x10* V/cm applied parallel to the crys-
tallographic directions (100) and (110). Further-
more, experimental results evidence an anisotro-
pic effect of the hole-drift velocity along {110) and
(100) crystallographic directions. The theoretical
analysis makes use of a spherical and parabolic two -
band model together with a Monte Carlo technique
in solving the Boltzmann equation. The two effect-
ive masses and the two deformation potential con-
stants for acoustic and nonpolar optical scattering
will be considered adjustable parameters. The
comparison between theory and experiments will
suggest a choice for these parameters. Section

II describes the experimental technique and re-
ports the data; the theoretical approach together
with the discussion of the results is given in Sec.
III.

II. SAMPLES, EXPERIMENTAL TECHNIQUE,
AND RESULTS

The natural diamond crystals used here come
from the Yakutia (Siberia, U.S.S.R.) deposit and
are selected by photoconductivity and absorption
coefficient measurements to ensure a nitrogen
concentration not exceeding 10'® ¢cm™ (nitrogen
acts as deep donor'?) and a bulk lifetime not less
than 5x107 sec. Samples with a thickness ranging
from 60 to 420 um and a useful area of about 10
mm? are obtained from different crystals; x-ray
diffraction analysis shows that the surfaces of the
samples are perpendicular to the crystallographic
axes (100)+1° and (110)+ 15°. To measure trans-
port properties, contacts are made through an
evaporation of gold or aluminum on diamond plates
mechanically and chemically polished. As de-
scribed in more detail elsewhere,?’ a few samples
are provided with boron-implanted contacts.

Those should ensure hole injection, thus avoiding
polarization effects in time-of-flight technique; in
the measurements no difference has been detected
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TABLE I. Characteristics of the samples used in drift velocity measurements.

Mean free Mobility at Acceptor trap Acceptor trap
Thickness Crystal drift time 300 K energy density
(um) axis (1072 sec) (cm?/V sec) eV) (em™3)
200 (100) 8 2080
322 (100) 17 2140
420 (100) 12 2100
60 (110) 7 2150
120 (110) 12 2110 0.6; 0.8 10%2-1013
225 (110) 9 2080
305 (110) 7 2100 0.6; 0.8 10121013
400 (110) 15 2050

between different samples under pulsed applied
voltage conditions. To better characterize the
samples, measurements of space-charge-limited
current and thermally stimulated current were
performed on those with boron-implanted con-
tacts.? Results have indicated the presence of
two active traps at about 0.6 and 0. 8 eV above the
valence band, with densities ranging between 10t
and 10" cm™, These traps should be responsible
for the relatively short trapping times which have
been observed both with nuclear?? and time-of-
flight techniques. The sample characteristics are
reported in Table I.

In the present experiments, samples are fitted
in between two boron-nitride pierced disks and in-
cluded in a copper container. The boron-nitride
disks guarantee a good thermal coupling and elec-
tric insulation between the sample and the copper
container.
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FIG. 1. Shape of the current pulse induced by the
drift of holes and plot of the exponential decay on a semi-
log scale at room temperature in a -400-pm thick and
{110) oriented sample with E=103V/cm.

The drift velocity of holes and therefore their
mobility are obtained with the time-of-flight tech-
niqueza by measuring the transit time which the
holes created in proximity of the positive electrode
take to reach the negative one, by crossing the
crystal. The measurement of the transit time Tj
is made as function of electric field and tempera-
ture by employing a pulsed electron accelerator®
as source of the ionizing radiation.

In the case of trapping with negligible detrapping,
the hole mean free drift time, 7,, has been mea-
sured?®?5% from the sag on the top of the current
pulse and plotted in a semilog scale. Figure 1
shows the current signal induced by holes crossing
the sample as obtained with the pulsed electron
accelerator. It refers to a 400-pm thick sample
with an electric field E=10° V/cm at 7 =300 K.
The exponential decay of the current pulse enables
measurement of 7, to be carried out easily. The
values of 7, which are measured in the samples
used in the present work are reported in Table I.
In the examined range of electric fields, the hole
mean free drift time 7, does not change with E,
and increases slightly by increasing the tempera-
ture, as shown in Fig. 2. This suggests that only
small variations occur in the concentration of the
active traps or in their capture cross section and
enables measurements to be performed in a wide
range of temperature.

A discussion of the experimental sources of er-
rors affecting the drift-velocity measurements as
a function of electric field and temperature is re-
ported in Ref. 1. The total error in the present
drift-velocity measurements should be within + 5%
at low electric fields and + 3% at high electric
fields. The maximum error in the electric field
determination is estimated to be less than + 3%.
Finally, the error in the temperature is less than
+2 K,

The hole-drift velocity is reported as a function
of electric field applied parallel to the (110) crys-
tallographic direction at the different temperatures
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FIG. 2. Hole mean free drift time as a function of
temperature in a 305-um thick (110) oriented sample.

indicated in Fig. 3 (filled circles represent there
an average value of the experimental data). In the
limited temperature range 85 < T'<300 K, mea-
surements with the electric field applied parallel
to the (100) crystallographic direction are per-
formed. Results show an appreciable difference
from those obtained with E || (110), particularly
at low temperatures. Therefore, to better display
this anisotropic effect, the drift velocities as a
function of the electric field applied parallel to the
(100) and (110) axes are reported in Fig. 4 at the
temperatures indicated.

The drift mobility obtained from the ratio be-
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FIG. 3. Hole-drift velocity v, as a function of electric
field E applied parallel to (110) direction at the different
temperatures indicated. Filled circles refer to experi-
mental data, continuous lines indicate the theoretical
results.
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FIG. 4. Hole-drift velocity v; as a function of electric
field E at the different temperatures indicated. Open
and filled circles refer to experimental data obtained
with the field parallel to (L00) and (110) directions, re-
spectively. Continuous lines report the theoretical re-
sults.

tween drift velocity and electric field, vd/ E, at
the lowest field strength is reported in Fig. 5 to-
gether with Hall mobility data reported in litera-
ture. Drift mobility results agree well with Hall
mobility data at high temperatures (7> 400 K),
while below 400 K present data exhibit a mobility
higher by about 40%. This difference can be at-
tributed to the greater perfection of the samples
here used and/or to the difference between Hall
and drift mobility. Let us note that in this latter
case diamond behaves like silicon, for which a
drift mobility higher than Hall mobility has been
found under negligible impurity scattering. 2

The main features of the present experimental
results can be summarized as follows:

(i) Drift mobility exhibits the typical 15 de-
pendence at temperatures below 400 K, while
above about 400 K the slope becomes steeper to-
wards a T°%® dependence.

(ii) At increasing field strength the drift velocity
exhibits a sublinear dependence with field which is
characteristic of covalent semiconductors.*® Fur-
thermore, for 7T'<300 K an anisotropic effect is
observed with V4100 % Ys110- This anisotropic effect
is found to increase by lowering the temperature,
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FIG. 5. Hole mobility as a function of temperature in
natural diamond. A refers to Hall mobility data of Ref.
(12); @ refers to Hall mobility data of Ref. (13); O refers
to present results. The continuous curve refers to theo-
retical calculations.

its maximum effect, with a (v,199/v, 119 — 1) ~40%,
being observed at T=85 K for E=2.5 kV/cm.

(iii) For temperatures below about 300 K a satu-
rated region of drift velocity is found at the highest
applied fields (Ep ~5 X 10* V/cm). From these re-
sults a value of the saturated drift velocity v;=1.1
+£0.1x10" cm/sec for all temperatures below about
300 K can be extrapolated. This saturation effect
disappears at increasing temperatures.

HI. THEORETICAL APPROACH
A. Microscopic model

The theoretical approach makes use of a two-
band model, the heavy and light hole characterized
by effective masses m, and m,, which is spherical
and parabolic. Owing to the purity of the material
and to the temperatures here investigated, only
lattice scattering mechanisms have been consid-
ered. Accordingly, acoustic and nonpolar scatter-
ing mechanisms are accounted for. The former
assumes a single constant for treating the acoustic
coupling and includes overlap effects, acoustic en-
ergy dissipation, and the exact Bose-Einstein pho-
non distribution as reported in Ref. 29. The
Boltzmann equation is solved through the Monte
Carlo technique® and the estimated uncertainty in
the computed values is at most 5%.

The similarities of the valence band of diamond
with those of Si and Ge (Ref. 17) justify the present
choice for the band model. In fact, at the temper-
atures and fields here considered, the asymptotic
band shape, corresponding to the condition /A > 1,
can be assumed. Under this condition, following
Kane’s results,*” the three valence bands exhibit
a parabolic behavior and are characterized by a
warped shape of their equienergetic surfaces,
which is more pronounced in the case of heavy
holes. However, to avoid the main analytical dif-
ficulties encountered in including the rigorous en-
ergy dispersion relationship of Kame,30 the third
band is omitted and the warping is neglected. The
omission of the third band, which is split off by
spin-orbit interaction and whose effective mass
takes the smallest value, is justified by its small-
est density of states. Neglect of warping does not
enable a quantitative interpretation of anisotropic
effects to be carried out.

B. Fitting procedure

Since large discrepancies arise in literature
concerning the values of the effective masses’ and
very little is known about the acoustic E} and opti-
cal (D,K) , deformation potentials, in principle our
theoretical approach has four adjustable parame-
ters, thatis, m,, m,, EJ, and (D, K)_ . As will be
reported below, the selective sensitivity of the
drift velocity to different parameters in different
regions of temperature and field strengths enables
us to determine m,, EJ, and (D,K)_, while as a
working assumption m,=0.3m, is taken.

The theoretical interpretation of the temperature
dependence of mobility enables a combination of
the hole effective masses and deformation potential
parameters to be determined. As a guideline, the
usual relaxation-time approximation for mobility
can be used. Within this approximation the acous-
tic limited mobility p,, can be written as®

#aczO’T.alzi (1)

B 95/ 2,17 2e714ps2 1+ (m /m')UZ
- 3K3 E? ms, ¥ -l-(m,,/m,)a R

)

o

p being the crystal density, s=3%(2s,+s,) the aver-
age sound velocity, e the unit charge, 7 the Planck
constant divided by 27, and K the Boltzmann con-
stant.

Since p and s are known independently (see Table
II), for a given set of m, and m, the fitting of
acoustic mobility in the temperature range below
about 400 K enables us to determine a value of
the acoustic deformation potential E} from Eq. (2).

For temperatures above about 400 K the devia-
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TABLE II. Constants of diamond.

Lattice constant

Crystal density

Longitudinal sound velocity
Transverse sound velocity
Optical phonon equivalent temp.
Static dielectric constant
Energy gap

Spin orbit energy

Heavy-hole effective mass
Light-hole effective mass
Acoustic deformation potential

Optical deformation potential

@,=3.57x10"% cm Ref. 33
p=3.51 gcm_3 Ref. 34
5;=18.21%10° cm sec™! Ref. 35
5¢=12.30%10° cm sec™! Ref. 35
6op=1938 K Ref. 8
€,=5.7 Ref. 12
E,=5.49 eV Ref. 8
A=0.006 eV Ref. 8
mp=1.1 Ref. 7
my=0.3 Ref. 7
E)=5.5eV Ref. 7

(D¢ K)op=21%10% eV cm ™!

-3

dy=61.2 eV Ref.

2 The two formalisms are related by (D,K),,= (3)1/%dy/a,.

tion from the 73/2 law of mobility is naturally in-
terpreted by the onset of optical phonon scatter-
ing. This in turn will enable us to determine the
value of the optical deformation potential parame-
ter (D,K),, for the same set of m, and m,.

For temperatures much lower than the equivalent
optical phonon temperature 6,,, the theoretical in-
terpretation of the drift velocity in the saturated
region enables the determination of the heavy-hole
effective mass to be carried out. As a guideline,
the streaming motion approximation®? is assumed.
This approximation for a simple band model leads
to the following results for the saturated drift ve-
locity v, and the mean energy (e€):

K.0 172
v, = (‘—“zfn : ) , @3,
(€) =3Kp0p . (4)

The reliability of Egs. (3) and (4) for the two-
band model here used is questionable. However,
Monte Carlo calculations lead to the two following
conclusions in support of the above approximation:

(i) When m, is substituted for by m,, Eq. (3)
agrees within a few percent with the results of the
Monte Carlo calculations.

(ii) Within its range of variability 0 < m, < m,,
the light-hole effective mass can increase the val-
ue of the saturated drift velocity by no more than
about 10% with respect to the value calculated with
the heavy-hole effective mass only.

Since 0, is known independently, the fitting of
the saturated drift velocity enables us to determine
a value of the heavy-hole effective mass m, from
Eq. (3). To support the reliability of this fitting
procedure, the starting point used for Monte Carlo
calculations is briefly illustrated in the following.
The fitting of the experimental »,=1.1%10" cm/sec
with Eq. (3) leads to m,=1.21lm,. Using the set

my=1.21mgy, m; =0.3my, the fitting of the experi-
mental @ =1.10x10" cm? K3/ 2/(V sec) with Eq. (2)
leads to E{=5.5 eV. Further Monte Carlo calcu-
lations show that a 10% decrease of the initial m,
value enables the fitting of the high-field data to be
improved. Accordingly, Table II reports the final
set of the parameters used which are found to bet-
ter interpret experiments in the whole range of
fields and temperatures together with other pa-
rameters of interest for diamond.

C. Ohmic mobility

The theoretical values of mobility are obtained
from the v,/E ratio at field strengths low enough
to satisfy within the computational uncertainty the
thermal equilibrium condition (€)= $k,T. Figure
5 compares present theoretical results with ex-
periments. The agreement is found to be satis-
factory near room temperature, while at low and
high temperatures theoretical results are slightly
higher than experimental ones. Some dependence
with field of the experimental data in the low tem-
perature region and the approximations introduced
in the theoretical model should justify this remain-
ing discrepancy. Concerning the importance of
different lattice scatterings, it is found that for
temperature below about 400 K acoustic scattering
only controls mobility, while above about 400 K
the onset of optical scattering mechanism is re-
sponsible for the steeper dependence of the mobil-
ity versus temperature curve.

Figure 6 compares the theoretical results of the
mobility versus temperature curve obtained with
three different band models: the present one
(my=1.1my, m; = 0. 3m,) and those of Rauch!* (m,
=2.30m,, m,; =2. 08m,) and Lawaetz!" (m,=0. 40m;,,
m, = 0. 28m,) which, within the models achievable
from literature,'® %17 can be considered as ex-
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FIG. 6. Theoretical hole mobility as a function of
temperature. Dot-dashed curve refers to Rauch (Ref.
14) band model; dashed curve to Lawaetz (Ref. 17) band
model; continuous curve to present band model.

treme cases for the values of the effective mass-
es. As reported before from this figure it is seen
that by scaling appropriately the value of the de-
formation potential parameters the temperature
dependence of the mobility can be reproduced
quantitatively within a comparable degree of ac-
curacy in the temperature range -considered. The
discrepancy among different models, more evident
below about 100 K, arises from the inclusion of
acoustic dissipation which associates a higher mo-
bility with the model with larger effective masses.
However, the lack of experiments for tempera-
tures below 85 K does not allow a detailed investi-
gation on this effect to be carried out. It is worth
noting that inclusion of acoustic dissipation and
exact phonon population leads theoretical mobility
to increase with decreasing temperatures more
steeply than the rigorous T°1-3 dependence usually
cited, as reported by Gherardi et al.3¢

D. Drift velocity versus field

The reliability of the present model is checked
by performing fitting of the drift velocity versus
field curves in the whole temperature range con-
sidered. The results are illustrated in Fig. 3.
There, theory and experiments have been found to
agree within an uncertainty of about 20% which, in
view of the approximations introduced in the model
and of the experimental uncertainty, should be
considered satisfactory.

Figure T reports data of the drift velocity at the
highest field strength (E =30 kV/cm) as a function
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FIG. 7. Experimental (dots) and theoretical (lines)
hole -drift velocity at fixed field strength as a function
of temperature. Dot-dashed curve refers to Rauch (Ref.
14) band model, dashed curve to Lawaetz (Ref. 17) band
model, continuous curve to present model.

of temperature. As discussed previously, in the
saturated region the more enhanced sensitivity of
the drift velocity to the effective mass as com-
pared to other parameters is taken as a condition
for the determination of the effective mass of
heavy holes. The comparison of experiments with
the results obtained with the different band models
used for mobility (see Fig. 6) is illustrated in Fig.
1.

E. Mean-hole energy and repopulation

The mean energy of holes as calculated from
Monte Carlo is reported at the indicated tempera-
tures as a function of field strength in Fig. 8. The

UL B oA BRSIEAAME AL BRI AR B "l""'
DIAMOND HOLES

€y (meV)

10 10 10° 10* 10° 108
E(Vem™)

FIG. 8. Mean-hole energy as a function of electric
field at the different temperatures indicated. E, is the
energy gap of diamond.
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— . ' . T T field strengths 10? <E <6 x 10* V/em. The field is
e 700 K applied parallel to the (110) direction and at sev-
N eral temperatures, 85 < 7 <300 K, measurements
E o8| 300 K - are performed with the field applied parallel to
,\\: the (100) direction also.
E 06 85K B Drift mobility is reported f'or the first time in
=~ ‘ the temperature range 85 < 7<700 K. Under non-
E 0.4 D'AM?ND H?LES N , . linear response conditions the drift velocity ex-
10 102 103 10% 105 1086 hibits an anisotropic behavior with v, 140 > v, 11¢-
. At the highest applied fields (E > 25 kV/cm) and
E(vem ) for temperatures below about 300 K a saturation

region of the drift velocity is found with a v,=1.1
£0.1x10" cm/sec.

The microscopic interpretation is carried out
on the basis of a parabolic two-band model and
uses a Monte Carlo technique. The fitting with
experiments suggests values for the effective

FIG. 9. Ratio of populations between light and heavy
bands normalized to its equilibrium value 7}/%{ as a
function of field strength at the temperatures indicated.

value of the energy gap E,=5.49 eV reported in masses and deformation potential parameters for
Fig. 8 should be taken as a reference point in the acoustic and nonpolar optical phonons. In partic-
energy scale for distinguishing the realistic region ular, the values m,=1. lm,, m; =0. 3m, here found
of applicable field strengths. In this respect, it is should be confirmed by a more careful determina-
worth noting that the mean energy crosses the en- tion of valence band parameters.

ergy gap value for fields above about 2x10° V/cm,
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