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A review is given of the current data on semiconducting diamonds, both natural and those prepared by
doping in the course of crystal growth in the laboratory or by implantation of impurities in insulating
crystals. The review deals with theoretical papers reporting calculations of the principal characteristics of
the energy band structure of diamond, and with the results of experimental studies of the energy spectra,
photoionization, charged-particle ionization, transport phenomena, and luminescence of semiconducting
diamonds. Special attention is paid to the problem of the nature of electrically active acceptor and donor
local centers. Actual and potential technical applications of secmiconducting diamonds are discussed
briefly.
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1. INTRODUCTION

Well before the birth of modern solid-state physics,
diamonds were attracting attention because of their
mechanical, optical, and other properties.

Diamond is one of the few "model" very simple non-
metallic crystals. Fundamental investigations of dia-
mond were carried out in the nineteen-thirties. It is
sufficient to mention here the experiments of Godden
and Pohl on diamonds, which established the basic laws
of the internal photoelectric effect, or those of van
Heerden et al., who studied the ionization caused by
high-energy charged particles. In 1952, Custers t 3 1 ]

found a semiconducting crystal among natural insulat-
ing diamonds. Natural semiconducting diamonds al-
ways have />-type conduction and are found only very
rarely. Nevertheless, the existence of semiconducting
diamonds has opened up new opportunities for investi-
gation. The number of papers published on the optical,
electrical, and thermal properties of semiconducting
diamonds is now large. The work done up to 1964 by a
group of British physicists can be found in a book edited
by R. Berman, "Physical Properties of Diamond. "ΐ1Ί

There has been considerable progress in preparing
synthetic semiconducting diamonds and in doping natu-
ral diamonds by ion implantation. In this situation,
studies of semiconducting properties of diamond are not
only of scientific but also of practical importance be-
cause new semiconductor devices can be made of dia-
mond (for example, those operating at high tempera-
tures). Diamond detectors of nuclear particles and
thermistors are already in use in some branches of
science and technology.

The present authors are not aware of any review on

the subject of semiconducting diamonds in the last five
years. The aim of the present review is to acquaint
physicists (and other specialists investigating applica-
tions of solid-state physics) with this semiconducting
material which has a unique combination of properties
and which will find its place in semiconductor electron-
ics.

2. ENERGY BAND STRUCTURE OF DIAMOND

A. Theoretical investigations

Like germanium and silicon, diamond is a covalent
crystal. All these three elements have what is known
as the diamond structure.

Each carbon atom in diamond is at the center of a
tetrahedron formed by four neighboring atoms. Valence
electrons are paired each with one of the valence elec-
trons of the nearest neighbors. The electron cloud of
these paired electrons is elongated along the axes join-
ing the atoms. These electron pairs form covalent
bonds.

Diamond is one of the first crystals for which calcu-
lations were made of the energy band structure, i. e.,
of the dependence of the energy of electrons on their
quasimomentum (or wave vector). All the values of
the wave vectors in a crystal lie within a certain volume
in the wave vector space, which is known as the Bril-
louin zone. t 4 ] The Brillouin zone of diamond is shown
in Fig. 1. Some of the symmetry points are lettered
in Fig. 1. The axes of the Brillouin zone in the wave-
vector space correspond to the crystallographic axes.
For example, the Γ-Χ direction corresponds to the
[100] axis in the crystal and the T-L direction to [ i l l ] .

301 Sov. Phys. Usp., Vol. 19, No. 4, April 1976 Copyright © 1976 American Institute of Physics 301



FIG. 1. Brillouin zone of a crys-
tal with diamond structure.

The first calculations of the energy band structure
of diamond were carried out by Herman et al.t2] by the
orthogonalized plane wave method. The results of cal-
culations for some directions in the Brillouin zone are
shown in Fig. 2. The points denoted by Γ correspond
to the center of the Brillouin zone, i. e., to zero wave
vector, whereas the points X correspond to the bound-
ary of the Brillouin zone along the [lOO] direction and
the points L to the boundary along the [ i l l ] axis. It is
clear from Fig. 2 that the valence electrons of the car-
bon atoms form valence bands within which the energy
is a continuous function of the wave vector. The va-
lence band of diamond is represented in Fig. 2 by two
branches or subbands, which are in contact at the point
Γ 2 5 . . At this point, the energy of an electron in the
valence band has its maximum value (band edge). The
electron states in the upper branch of the valence band
are quadruply degenerate and those in the lower branch
are doubly degenerate. However, the results of cal-
culations presented in Fig. 2 are obtained ignoring the
interaction between the spin and magnetic moment of
the orbital motion of electrons. In fact, the upper
branch is split into two doubly spin-degenerate subbands,
known as the bands of the "light" and "heavy" holes.
The degeneracy is lifted except at the center of the Bril-
louin zone, i. e., at the point Γ25». The spin-orbit in-
teraction shifts the lower branch downward in the di-
rection of lower energies. Thus, at the point Γ 2 5 . , the
lower subband is split off (spin-orbit band splitting).
We shall see later that the experimental value of the
splitting of the valence band of diamond is only 0. 006
eV (this should be compared with 0. 28 eV for germa-
nium and 0. 035 eV for silicon).

The excited states of electrons also form bands
known as the conduction bands. It is clear from Fig. 2
that there is a considerable energy gap (forbidden band)
between the valence and conduction bands. The width
of the forbidden band of diamond is considerably greater
than the corresponding widths of germanium and silicon
and therefore, pure diamond should be a good insulator.
The minimum electron energy in the conduction band
(band minimum) corresponds to the point m in Fig. 2.
However, in the vicinity of this point, the energy varies
slowly with the wave vector and, therefore, the calcu-
lated position of the conduction-band minimum is not
known exactly.

The energy band structure of diamond was also cal-
culated by the pseudopotential method.t3: l

The results of the calculations reported int 2 ] and131

diverge only slightly and mainly at high values of the
wave vector. Experimental investigations of the ener-

FIG. 2. Energy band structure
of diamond."1
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gy-band structure of diamond have yielded the energy
gaps between the valence and conduction bands both at
the band edges, i. e., between the valence-band maxi-
mum and the conduction-band minimum, and well in-
side the Brillouin zone (corresponding to nonzero wave
vector), and they have made it possible to determine
the characteristics of electrons and holes in the bands.
As in the case of other semiconductors, the cyclotron
resonance method has been found effective. It should
be mentioned that the valence band of diamond is fairly
thoroughly investigated. However, the information on
the conduction band is very limited.

B. Experimental results of optical investigations

1) Fundamental absorption band edge. Optical ex-
citation may give rise to electron transitions from the
valence to the conduction band and these transitions
may be direct or indirect. In the case of direct transi-
tions, the initial and final states have the same value of
the quasimomentum K, i. e., in the coordinates (Ε, Κ),
these transitions are represented by vertical lines; in
the case of indirect transitions, the values of Κ for the
initial and final states may be different. In this Case,
the law of conservation of momentum is satisfied be-
cause of simultaneous interaction of electromagnetic
radiation with electrons and crystal lattice vibrations
(phonons). The transition of an electron from the va-
lence band edge to the conduction-band minimum in dia-
mond is indirect because the values of the quasimomen-
tum of the initial and final states are different (Fig. 2).
The experimental results of Clark et al.t6] for the tem-
perature dependence of the fundamental absorption band
edge of the purest natural diamonds1' recorded in the
photon energy range 5-6 eV led them to the conclusion
that indirect interband transitions and transitions to ex-
citon states took place in this range. Figure 3 shows
the spectral dependence of the absorption coefficient at
295 ° K; Fig. 4 gives the results obtained by the same
authors at different temperatures. At 126 °K, which
was the lowest temperature at which measurements
were carried out, a steep rise of the absorption began
at hv = 5.48 eV. A similar analysis of the profile of the
absorption band edge, based on the theoretical ideas on
electron transitions,c 5 l 7 : l enabled Clark et al. to attrib-
ute the various parts of the spectral dependence of the
absorption coefficient to transitions terminating in ex-

^For historical reasons, insulating diamonds with the lowest
nitrogen impurity concentrations are called type Ila and
semiconducting diamonds are called type lib (see Sec. 2a).
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FIG. 3. Absorption spectrum of diamond recorded at 295 °K
near the fundamental edge. : 8 ] The ordinate scale on the right
applies to curves 2 and 3 but, in the latter case, it should be
increased eightfold compared with curve 2.

citon states and to identify three regions corresponding
to the annihilation of specific phonons and three regions
corresponding to phonon creation.

Unfortunately, at the time of publication of the work
of Clark et al., m no accurate data were available on
the phonon spectrum of diamond. Therefore, the phonon
identifications could not be made really reliably. The
dispersion curves of phonons in diamond were obtained
later" · 9 1 by the method of inelastic scattering of neu-
trons. These results were allowed for in studies of re-
combination radiationc l 4~l e ] and this made it possible to
refine the energies of phonons participating in electron
transitions. The forbidden band width of diamond at
295 °K, corresponding to indirect transitions, can now
be regarded as reliably established: Eg- 5. 490± 0. 005
eV. The temperature dependence of Ee, approximated
by a linear law near room temperature, can be de-
scribed by

eV/°K.

2) Optical studies of electron transitions within al-
lowed bands. The optical properties of diamond in the
photon energy range 5. 5-31 eV were investigated
int l 0~1 3 ) . Measurements were made of the reflection
from the surface of diamond and the data were then
used to calculate the optical constants from the Kram-
ers-Kronig relations. Considerable quantitative dis-
crepancies were found between the results reported
in1 1 0 1 and t U : . As shown in1131, this discrepancy was
due to the contamination of the crystal surface. The
results of measurements reported in[10:l andr l 3 ] are
identical and should, therefore, be regarded as most
reliable. Figures 5 and 6 show the spectral depen-
dences of the reflectivity and absorption coefficient
taken fromc l 0 ]. The reflection maximum at 7.1 eV and
the steep rise of the absorption coefficient in the same
range of photon energies are attributed i n

t 1 0 · 1 3 1 to Γ25#
— Γ 1 5 transitions (Fig. 2) at Κ = 0. The sharp maximum

.8 '

< 0

FIG. 4. Absorption edge of diamond at various temperatures.
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FIG. 5. Reflection spectrum of diamond in vacuum ultravio-
let. The values below 5.5 eV were calculated from the re-
fractive index.

in the absorption and reflection curves at 12. 5 eV cor-
responds to the Xl — Xt transition. Similar absorption
maxima are exhibited by silicon and germanium and
are interpreted in the same way on the assumption that
their positions agree well with the calculated data on the
forbidden band width at the point X (at this point, the
calculations are most reliable).

Figure 7 shows the dependences of the real et and
imaginary % parts of the permittivity, and of the imag-
inary part of l/ε on the photon energy. The function
Im(lA) (known as the loss function) has a maximum at
about 30 eV, in agreement with the position of the plas-
ma resonance of the valence electrons in diamond. An
analysis of the spectral dependence of e2 and the pres-
ence of small maxima of the ε2 reflection curves are
used int l 3 ; ! to identify regions near 16 and 23 eV, which
are attributed to the Xt — Xt and Γ25< — ΓΊ transitions,
respectively. A comparison of the experimental re-
sults with the calculated data [ 2 l 3 : is made in Table 1. c l 3 ]

The agreement between experiment and theory is good.

3) Experimental studies of recombination radiation.
The first detailed investigation of the interband recom-
bination radiation of diamond was carried out by Dean
and Jones in 1964.t l 4 ] Later investigations were re-
ported i n r l s ' l e ] . In all these cases, the recombination
radiation (luminescence) was excited by a beam of ac-
celerated electrons.

Figure 8 shows a typical edge luminescence spectrum
of semiconducting diamond recorded at 100 °K. t l 5 ] The
interpretation of the spectrum in Fig. 8 was made irf151

on the basis of a comparison of the spectra obtained
for different samples, experimental data on the edge
absorption spectrum, t l 6 ] and dispersion curve of the
lattice vibrations obtained by the inelastic scattering of
neutrons.ϋ 8 '9 1 The results are as follows. The stron-

FIG. 6. Spectral dependence of
the absorption coefficient (in
units of 105 cm"1) °f diamond in
vacuum ultraviolet.CIo:l
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FIG. 7. Spectral dependences of the real and imaginary parts
of the permittivity of diamond in vacuum ultraviolet.I133

gest luminescence maximum (Bt band) is located at a
photon energy of 5. 268 eV. The luminescence is due
to the annihilation of a free exciton and simultaneous
emission of a transverse acoustic phonon of energy
ΗωΤΑ = 0. 087 eV. An analysis of the profiles of the Αχ
and Bl luminescence bands is made on the assumption
that the excitons have the Maxwellian energy distribu-
tion:

y-/oaexp - i (1)

where hv0 is the photon energy corresponding to the
long-wavelength luminescence threshold, a is the ab-
sorption coefficient, and Jo is the normalization factor.

The results of an analysis of the profiles of the lu-
minescence bands t l 5 : indicate that the At and Bx bands
consist of two unresolved maxima, which are located
at photon energies differing by 7 meV (the luminescence
bands found in this way are identified in Pig. 8 as Bx

and B[ and Αχ and A[). According to the cyclotron res-
onance data, the spin-orbit splitting of the valence
band is 6 meV,c 2 8 ] which is in good agreement with the
splitting of the luminescence bands A and B. There-
fore, it is suggested inc 1 5 1 that, in this case, the lumi-
nescence involves degenerate and split-off valence
bands.

5.10 5.05 5.00 14.95 t, 90

til

5.35 5.30 5.25 5.20 5.15 5.10 5.0S

Natural semicond. crystal A100, 100°K

5.Ί0 5.35 5,30 5.25 5.20 5,15 5.10

Photon energy, eV

FIG. 8. Recombination radiation (luminescence) spectrum of
a natural semiconducting diamond crystal obtained at 100 °K.
The spectrum is shown on three different scales.1·151

On the long-wavelength side of the band Β in Fig. 1,
there are two shoulders, denoted by Cl and C'u which
are again separated by an energy interval of 7 meV.
These shoulders are attributed to the annihilation of a
free exciton accompanied by the emission of a longitu-
dinal optical phonon of energy &oi 0 = 0.163 eV.

Figure 8 also shows wide maxima Bz and Bz , sepa-
rated from Βχ by 0.167 and 2x0. 167 eV, respectively.
Since 0.167 eV is practically identical with the energy
of an optical phonon at Κ = 0, it is natural to attribute
the Bz and B3 bands to the phonon replicas of B l . As
pointed out in t l 5 ] , the ratio of the intensities of the zero-
phonon transition to the phonon-assisted transition is

Jn Tf (2)

where ΔΕ is the energy of an electron transition, fko
is the phonon energy, η is the number of phonons par-
ticipating in the transition, and yt is the phonon-hole

TABLE 1.

Energy (eV)
at maximum

Η

7 . 3

7 . 8

12.2

16

23

—

/™UA)

—

-

-

23

30

Transition

Γ 25 '~ Γ15

Indeterminate

Γ25--ΙΊΟΓ

of impurity
origin

Plasma
resonance

Comments

Transitions along Γ—Δ with threshold
at Mo minimum

Maximum of ε2 probably due to complex
energy structure at Γ

Wide range of parallel bands near X

Transitions in wing of 12.2 eV
maximum on high-energy side and
between parallel bands near X

Transition sensitive to surface
treatment

Experimental value of characteristic
losses of 31 eV electrons

Theoretical
transition

energy

a c c . C 2 ]

6 . 8

-

11.6

18.4

21.5

acc.C3>

7.8

—

12.9

24

—
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TABLE 2. Principal parameters of interband recombination
radiation spectrum of diamond

Designation

Lumin. band Bj

" " B{

" " -Al

" " A{

" " Cl

" " C,'

" " B2

" " B,

Κω$Α

«ω£ο

ϊ ω "

/ίωκ

Ερ.

Ε«

Ε«

Ε,ι

Energy,

0.

0 .

0 .

5.268

5.275

5.322

5.329

5.346

5.253

5.10

4.93

087 ±0

141 ±0

183 ±0

0.10±0.

0.

5.

5.

0 .

5.

167 ±0

416 ±0

409 ±0

08±0.

49±0.

eV

.002

.001

.001

005

.002

.002

.002

005

005

Physical meaning

Εκ-Ηω$ο

Ε^-Ηω$ο

Εκ-Κω$Α

Εί*-ηω$Α

Ep-Iwio
Εί,-ΚωΙο

ΕίΙ-Κω^0-ΙίωΗ

EB-Ku#0-2Xail

Transverse acoustic phonon at k = kc

Transverse optical phonon at k = kc

Longitudinal optical phonon at k = kc

Transverse acoustic phonon at
fe = femx [1001

Raman phonon (ft = 0)

Energy of indirect exciton transitions
associated with upper valence subbands
at 100 °K (average value)

Energy of indirect exciton transitions
associated with upper valence subbands
at 100 °K

Binding energy of indirect excitons

Forbidden band width for indirect
transitions associated with upper
valence subbands

interaction parameter.

However, the intensities of the Bu Bz, and B3 bands
do not satisfy the above relationship. This requires
further analysis but it does not mean that we have to
reject the hypothesis that the Bz and B3 bands are the
phonon replicas of the Bx band. The maxima in the
series denoted by D, also clearly visible in Fig. 8,
are due to the presence of an acceptor impurity. The
main characteristics deduced from the luminescence
spectrum are listed in Table 2. The results of experi-
mental studies of recombination radiation and neutron
scattering by phonons have refined somewhat the ab-
sorption data. Thus, the transition involving a phonon
of 0.132 eV energy is excluded from Table 2, because
its presence has not been confirmed by subsequent ex-
perimental investigations. Figure 9 shows the dis-
persion curves of the lattice phonons.c W 1 The crosses
denote the energies of the phonons participating in elec-
tron transitions. We can see that all these phonons
have the same value of the momentum, which governs
the position of the conduction-band minimum relative
to the valence-band maximum at k = 0. 76fcmiU[. This in-
terpretation of the recombination radiation spectrum is
in agreement with all the currently available experi-
mental data on electron transitions in diamonds. There
is only some doubt about the representation of the A
and Β maxima as two overlapping bands because an in-
crease in the width may be due to overheating of the
samples. : 1 6 ]

Figure 10 shows the recombination radiation spec-
trum of a semiconducting diamond at 550 °K. t l 5 ] The
radiation intensity is much lower than that observed at
100 ° Κ and only the Sf and Bf bands are well resolved

2.8

2.0

1.2

O.k

LA/

' ' ' ' . 1 ' '

£ 1 .

flU. eV

-0.10

-0.05

D 0.2 0.Ί 0.6 0.8 1.0

FIG. 9. Dispersion curves of lattice vibrations in diamond
along the [100] direction/8 3 The vertical line at ft//jnslx=0.76
represents the position of the conduction band.

(they correspond to the Bt and Bz bands in Fig. 8). An
analysis of the B\ band reveals additional absorption
on the short-wavelength side, which is attributed to the
recombination of free electrons and holes. The weak
maxima Bf and A? are attributed to the annihilation of
a free exciton accompanied by the absorption of the
relevant phonons (one transverse optical and one trans-
verse acoustic). However, the interpretation of the
spectrum in Fig. 10 is much less reliable and should
be regarded as only tentative.

C. Effective masses of holes and spin-orbit splitting of
valence band of diamond

Cyclotron resonance observations can be used to
determine the effective mass of carriers in an energy
band.

Since the structure of the valence bands of germanium,
silicon, and diamond is similar, we may assume that

Natural semicond. crystal A100

S50'K

•s
cu

in
t

iv
e

"ω
ec

i\

/ \
/ ,

0 50

5.5

W0°K

B"

5A 5.3
Photon energy

a
/

/

/

100 150 200 0
Photon energy, f

5.2
,eV

" \

\

50
;V

5.1

1

••-3
*. a"
\ °1

tOO 150

5.0

550°K

200 250

FIG. 10. Recombination radiation (luminescence) spectra of
diamond obtained at elevated temperatures1·151: a) general
form of the spectrum at 550 °K; b) Β band at 400 °K [the cir-
cles represent the curve calculated from Eq. (2)]; c) Β band
at 550 °K [circles denoted by 2 represent the curve calculated
from Eq. (2) and circles denoted by 3 are the results of sub-
traction of the calculated from the experimental curve].
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the three valence subbands correspond to three values
of the resonance frequencies. According to the theory
of Dresselhaus, Kip, and Kittel, t l 7 ] the constant-energy
surfaces can be described by

E= — •^-{Ak'i±[B1kk + Ci(klkl + klk\ + k\kl)\}; (l)

here, k,, ky, and kx are the components of the wave
vector; A, B, and C are coefficients; m0 is the mass
of a free electron; h is the Planck constant.

According to this formula, the effective mass can be
anisotropic. An investigation of natural semiconduct-
ing p-type diamonds in magnetic fieldst l 8 ] revealed two
resonance lines corresponding to the following effective
masses of holes:

•̂ • = (0.70 ±0.01) (//=17.48 kOe),

-^- = (1.06 ±0.04) (H = 27.85 kOe),

These values were obtained for a crystal at 1. 2 ° K.
The carriers were excited optically. Within the limits
of the experimental error, the resonant absorption of
microwaves was independent of the relative orienta-
tions of the electromagnetic field and the crystal axes,
which corresponded to the coefficient C in Eq. (1)
given by C2 < 0.16. Consequently, the valence subbands
of diamonds are almost isotropic, in contrast to those
of germanium and silicon which are quite strongly an-
isotropic.

Additional information was obtained inu l 9 ] . In this
case, carriers were excited by monochromatic light
and this made it possible to follow the dependences of
the microwave absorption band intensities correspond-
ing to cyclotron resonance on the photon energy. As
in1181, the measurements were carried out on natural
semiconducting p-type diamonds. Figure 11 shows the
spectral dependences of the intensities of the cyclotron
resonance bands in the photon energy range 0. 3-0.4
eV. An intersection of a curve with the horizontal axis
gave the binding energy of acceptors (the position of the
energy level of acceptors measured relative to the edge
of the appropriate band). The difference between the
photon energies amounted to 0.006 ± 0.001 eV. This
difference represented the spin-orbit splitting of the
valence band of diamond. Hence, the effective masses
obtained should be attributed to the light- hole and split-

, off bands, respectively.

Heavy holes have a much greater mass. They corre-

MWkOe

0.00S

0ΛΖ 0.W 0.38 0.36 №
. Photon energy, eV '

FIG. 11. Dependences of the band intensities of cyclotron
resonance in diamond on the energy of photons exciting car-
riers of effective mass 1.06»^ (left-hand curve) and 0.70m0

(right-band curve).C 1 9 :

20 W 60 68.8
Magnetic field, kOe

FIG. 12. Cyclotron resonance signal of a natural semiconduct-
ing£-type diamond at a frequency of 69.9 GHz and a tempera-
ture of 1.55 °K in a field of 68.8 k O e . " "

spond to a wide cyclotron resonance maximum (Fig.
12). The mass of these heavy holes is

The cyclotron resonance data were used int 2 0 3 to cal-
culate the density-of-states effective mass. In the case
of a spherical band, the carrier density in the band
was found to be given by the expression

where Er is the Fermi energy and Ev is the energy
corresponding to the bottom of the valence band.

(2)

Since there are three valence bands in diamond, we
can use Eq. (2) if m* is replaced with the density-of-
states effective mass which allows for the contribution
of all three bands. Calculations of this kind were car-
ried out for four values of the coefficient C2 in Eq. (1).

The calculated values of m*/m0 and the correspond-
ing values of C2 were as follows

O: 0 0.06 0.12 0.18

— : 3.58 3.66 3.95 4.77.
TUQ

In this case, m* denotes the density-of-states effective
mass.

The cyclotron resonance experiments were preceded
somewhat by an investigation of the temperature depen-
dence of the Hall effect in semiconducting diamonds.t 2 1 '
An analysis of the dependence of the Hall coefficient on
the reciprocal of temperature in the range close to
1000°Κ gave the density-of-states effective mass 0. 5wz0.
In the subsequent measurements of the Hall effect on
samples with fewer defects,c l 5 ] it was found that m*
= 1. lw0.

Thus, the experimental values of the density-of-
states effective mass found by two different methods
disagreed by an amount exceeding a possible experi-
mental error or inaccuracy of the calculations. It
was pointed out in1 2 0 3 that this discrepancy could be
eliminated by assuming that the relaxation time in the
split-off band was considerably longer than the relaxa-
tion times in the two degenerate bands. Since the split-
off band was almost spherical, the density-of-states
effective mass deduced from the Hall effect should be
equal to the cyclotron mass in the split-off band, as
found experimentally. The shorter relaxation times of
the light and heavy holes should be manifested in the
cyclotron resonance experiments as the broadening of
the corresponding resonance maxima. This was not
observed in r l 8 ] . However, we should bear in mind that
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FIG. 13. Temperature depen-
dence of the mobility of holes
in a natural semiconducting
diamond.[ 1 6 ]

the scattering of carriers at room and higher tempera-
tures should be different from the scattering mechanism
at 4°K. In the latter case, the scattering by ionized
impurities should predominate. Therefore, the differ-
ences between the relaxation times were manifested
particularly in the Hall effect measurements.

No investigations of the conduction band of diamond
have yet been made by the cyclotron resonance method.

D. Mobility of electrons and holes in diamond.
Photoionization and ionization by charged particles

The mobility of holes in diamond was determined
mainly by measuring the Hall effect in natural semi-
conducting crystals.[ 2 1·1 5 1 The most reliable measure-
ments of the hole mobility were reported int l 5 : , where
it was found that at 300 ° Κ the mobility was μ.Η = 1550
±150 cm2· V"1· sec"1.

Figure 13 shows the temperature dependence of the
hole mobility. Near room temperature, the mobility
varies as χ~3/ζ, which indicates scattering by acoustic
lattice vibrations. At higher temperatures, the depen-
dence is τ"2"8. It is pointed out in t l 5 ] that the depen-
dence μΗ °c T'2'B can be explained by the interaction of
carriers with optical phonons.

Measurements of the magnetoresistance of semi-
conducting diamond crystals in strong magnetic fields
(up to 170 kG) were used inr 2 2 ] to determine the hole
mobilities in the three bands at room temperature on
the assumption that these bands were spherical. The
mobilities were found to be 3900, 195, and 1365
cm2· V"1· sec"1 in the light- and heavy-hole bands and
in the split-off band, respectively. The scattering was
attributed to the interaction with the acoustic lattice
vibrations.

Measurements of the electron mobility in diamond
involve special difficulties. Electrons in the conduction
band can be created only by excitation with light or with
ionizing radiation. The photoconductivity of diamond
usually increases with decreasing wavelength. In the
visible range, the photoconductivity of diamond is very
weak. Figure 14 shows the dependence of the photo-
conductivity of diamond on the wavelength in the ultra-
violet part of the spectrum. t M l In this case, the mea-
surements were carried out on a />-type semiconducting
diamond and on insulating crystals. Similar results

were obtained int 2 4 ] for insulating diamonds. Beginning
from the wavelength of 2350 A, the photoconductivity
is associated with transitions to exciton states, where-
as, at longer wavelengths, the photoconductivity is of
impurity origin.

Current pulses can be created in diamond by nuclear
radiations such as a particles or electrons. The en-
ergy needed to create an electron-hole pair was deter-
mined most accurately int251 and found to be 16 ± 0. 4
eV. As in the case of silicon and several other semi-
conductors, this value was approximately three times
as large as the forbidden band width.

Measurements of the Hall effect in optically excited
insulating crystals were reported in126"283. The Hall
mobility of electrons measured in various samples ex-
hibited considerable scatter. According to1-283, the
mobility at 300° Κ varied from sample to sample in the
range from 900 to 2000 cm2· V"1· sec"1» The tempera-
ture dependence of the mobility in the range 300-450° Κ
was the same for all the samples and was described by
the law μ ^ Τ * .

Clearly, this scatter of the mobility values could not
be explained by different mechanisms of carrier scat-
tering in different samples. It was shown int28;l that the
scatter of the mobilities should be attributed to an in-
homogeneous distribution of the nonequlibrium carrier
density along a sample, which was either due to an in-
homogeneity in the distribution of the impurity atoms
from which electrons were excited to the conduction
band or due to variations in the lifetime. It was con-
cluded inc28:l that the Hall mobility of electrons in dia-
mond at 300 °K, governed by the scattering of carriers
on acoustic lattice vibrations, was 2000± 100 cm2· V"1

• sec"1. Attempts to determine the drift mobility of
electrons and holes were made inC29:. Current pulses
were created by bombarding a diamond crystal with
«particles and the parameters of these pulses were
determined as a function of the voltage applied to the
sample. However, the mobilities of 3900 cm2· V"1

• sec"1 for electrons and 4800 cm2· V"1· sec"1 for holes
were strongly overestimated and this occurred be-
cause the dependence of the mobility on the electric

FIG. 14. Photoconductivity spec-
tra of diamond (recorded at
90 °K)[22]: a) natural semiconduct-
ing crystal (type lib); b) insulat-
ing crystal with a low nitrogen
concentration (< 1019 cm"3); c)
crystal with high nitrogen concen-
tration (type la).

kJ> 5.0 S.0

Photon energy, eV
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field was ignored

The dependences of the electron and hole mobilities
on the electric field were investigated int28]. Mea-
surements were made of the Hall effect when carriers
were excited optically by photons of energy smaller
than the forbidden band width of diamond. At 120 °K,
the electron mobility began to decrease in a field of
500 V/cm and depended on the field as l/i/iT. From
about 1500 V/cm, the field dependence became stronger
and, at about 4x 10s V/cm, it was found that μ.Ηοζ\/Ε.
This corresponded to the drift velocity saturation. At
room temperature, the influence of the field on the
mobility started at higher fields of 2x 103 V/cm. The
experimental difficulties1283 made it impossible to ob-
tain the dependence \iH<^\/e at room temperature. A
different method was used inc303 to show that the drift
velocity saturated at room temperature in a field of
10* V/cm and that the maximum drift velocity was 107

cm/sec. The electric field in which the mobility be-
gan to decrease was in good agreement with the results
of calculations based on the existing theories. The
drift velocity saturation observed experimentally for
diamond was even more difficult to explain than in the
case of germanium or silicon.

The energy of optical phonons in diamond is approxi-
mately 0.16 eV. In a field of 104 V/cm, the number of
electrons of this energy is negligible so that the trans-
fer of energy to the lattice in the form of optical pho-
nons (assumed in the theory) is difficult. We cannot
even invoke the mechanism of energy accumulation by
the electron-electron interaction since the electron den-
sity in the conduction band of dimond is also very low.

3. NATURAL p-TYPE SEMICONDUCTING DIAMONDS

Natural semiconducting diamonds always have />-type
conduction. Since natural semiconducting diamonds
are only encountered in very small quantities, they
have no practical applications. However, the majority
of the physical investigations described in the preceding
section was carried out on these natural semiconducting
diamonds. This was also true of the investigations of
the properties of acceptor impurity centers in diamond.

A. lonization energy and excited states of acceptors

The first measurements of the optical and electrical
properties of semiconducting diamonds were made

i w

5.0

85'K

0.375 0.550 0.i?5
Photon energy, eV

FIG. 16. Optical absorption spectrum of semiconducting
diamond at 85 °K.B 4 ]

in: 2 1 > 3 1 l 3 2 ] and continued on more carefully selected
samples in1 1 5·3 3·3".

Figure 15 shows the dependence of the free-carrier
density on the reciprocal of temperature.tl51 The ac-
ceptor Na and donor Nd concentrations were deduced
from this dependence by a graphical method (shown
dotted). The ionization energy of acceptors was 0. 369
+ 0. 007 eV. This ionization varied from sample to
sample between 0. 29 and 0. 37 eV. The net impurity
concentration {Na-Nd) was usually within the range
ΙΟ^-ΙΟ17 cm"3. The scatter of the ionization energies
could be due to the inhomogeneity of the impurity dis-
tribution and, consequently, inaccuracy of the mea-
sured Hall coefficient, or it could be due to mechanical
stresses in a crystal.

Figure 16 shows the infrared absorption spectrum
of diamond.t34] In the range 0.2-0. 32 eV, there is a
superposition of the absorption due to the lattice vi-
brations. t 3 5 ] Clear maxima are due to transitions of
holes from the ground to excited states. A continuum
begins at about 0. 37 eV and this continuum is due to
the photoionization of holes. The maxima in Fig. 16
can be combined in pairs and the peaks in each pair are
separated by 0. 002 eV. Since at 5 °K the high-energy
component of a pair increases and the low-energy arc
almost disappears,'363 there are grounds for assuming
that 0. 002 eV is the spin-orbit splitting of the ground
state of acceptors. The optical absorption of diamond
under uniaxial compression was also investigated in1343.

Strictly speaking, the effective mass approximation
cannot be applied to diamond. The Bohr radius of the
ground state, estimated from the formula

10<6

ID1"
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FIG. 15. Temperature dependence
of the free-carrier density'153 in a
diamond sample (2.93x1.52x1.52
mm) with Ntt-Nd= (2.6 ±0.3) xlO16

cm"3, We=(3.2±0.3)xl01 6 cm"3, Nd

= (5.6±1.2)xlOl s cm"3.

where m* is the effective mass and ε the permittivity,
is approximately 4 A (w*/mo~l). This small value of
the Bohr radius of acceptors excludes the possibility
of using the above formula. Therefore, there is as yet
no complete theory of acceptor states in diamond. How-
ever, the effective mass approximation and the theory
of groups were used inc343 in a qualitative analysis of
the excited states of acceptors in diamonds whose bind-
ing energies were considerably lower. They were able
to construct a scheme of hole transitions interacting
with photons, which agreed with their own experimental
results on uniaxial compression and with the tempera-
ture dependence.
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FIG. 17. Energy levels of acceptor states in semiconducting
diamond. The first column gives the level position without
allowance for the spin—orbit splitting, the second with allowance
for the splitting, and the third shows the influence of an ap-
plied electric field on the levels.C 3 6 ]

Confirmation of the transition scheme proposed inu 3 4 ]

was obtained by investigating the Stark effect in accep-
tors in diamond.c37:l It was assumed that the Stark ef-
fect in the ground state of an acceptor was less than
that found experimentally and, therefore, the shift and
splitting of the absorption maxima in an electric field
were attributed to the Stark effect in excited states.
The data on the splitting (or broadening) and shift of
the optical absorption maxima could be used to find the
degree of degeneracy of a given state: the line shift
alone indicated double degeneracy but the shift and
splitting (or broadening) taken together indicated quad-
ruple degeneracy. The transition scheme proposed
inc 3 4 1 is given in Fig. 17 (taken from1371) together with
the data on the Stark effect. All the energies are mea-
sured from the ground state of the acceptors. The
first excited state is represented by a wide band
with its center at 0. 3045 eV. This state should
have two unresolved levels and one of them should be
quadruply degenerate and the other doubly degenerate.
In an electric field, this shaded band shifts and broad-
ens, which may be explained by a parallel shift of both
levels and broadening of one of them. However, the
large width cannot be explained by the superposition of
two overlapping bands. We have to adopt the assump-
tion, suggested int 3 3 : , relating the large band width
0. 304 eV to the reduction in the hole time at the excited
levels in question. A hole excited to the 0. 304 eV level
is transferred almost instantaneously to another level
to which transitions from the ground state are forbid-
den.

the basis of the effective mass approximation was also
confirmed by the data on the Zeeman effect in acceptor
states in diamond.c 3 8 : A detailed investigation was
made of the splitting of the 0. 347 and 0. 349 eV levels
in a magnetic field.

The continuous absorption, which begins from the
photon energy 0. 37 eV and is associated with the photo-
ionization of holes, extends far into the visible range,
gradually decreasing in intensity. This absorption is
responsible for the blue color of semiconducting dia-
monds. Fairly clear maxima at energies of 0. 462,
0. 508, 0. 625, and 0. 670 eV can be seen against the
continuous absorption. These maxima can be explained
satisfactorily by transitions to excited states at 0. 304,
0. 347 and 0. 363 eV accompanied by the emission of a
transverse optical phonon whose energy is about 0.16
eV.

The participation of phonons in electron transitions
in semiconducting diamonds is manifested even more
clearly in the photoconductivity spectrum.t 3 9 ] Figure
18 shows the photoconductivity spectrum of a semicon-
ducting diamond. The low-energy edge corresponds to
the ionization energy of the acceptors. A complex
structure is observed at higher energies. Clear photo-
conductivity minima (d and e, and d! and e in Fig. 18)
differ from the absorption peaks at 0. 304 and 0. 347 eV
by 0.161 and 2X0.161 eV, i. e., by multiples of the
optical phonon energy. The appearance of these mini-
ma is related to a reduction in the free-carrier life-
time at the indicated photon energies. If an optically
liberated hole acquires from a photon an energy in ex-
cess of the excited-state energy and this excess is a
multiple of the optical phonon energy, there is an in-
crease in the probability of capture of a hole by this
excited acceptor state and of simultaneous emission
of a phonon. Holes are captured mainly by the excited
states at 0. 304 and 0. 347 eV.

B. Nature of acceptor centers

Investigations of the optical and electrical properties
of a fairly large number of natural semiconducting dia-
monds have shown that the acceptor responsible for
these properties is of the same nature. Until recently,
it was assumed that this acceptor was an aluminum
atom replacing a carbon atom at a lattice site. Natural
diamonds always contain aluminum and this impurity
is sometimes present in high concentrations.C401 The
great scarcity of semiconducting diamonds has been

75

50

25

The validity of the treatment of the excited states on replica of the minimum e, etc.

Photon energy, meV

FIG. 18. Photoconductivity spectrum of a semiconducting
diamond crystal at 77 °K.C39:1 The maximum e ' is a two-photon

[39]
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TABLE 3. Aluminum content (xlO"9), g.

Sample

DU4
D119
SA65C
SA65E
CS2

From Hall effect

20.8+l.Li
49,4-2.0

5.2-U.2
18.iztl.lt
55.3=3.0

From activation analysis

Experiment 1

1.5±0.4
1.6+0.4
1,2+0.4
1.4+0.4

13.7+0.7

Experiment 11

1.1-H>.4
2.0+0.4
0.8-0.4
0.6+0.4

13.3=0.7

attributed to the fact that all diamonds contain also
large amounts of nitrogen which may reach 1 at. %.
Like group V impurities, nitrogen is a donor (it forms
a deep level in diamond) and it compensates acceptors.
However, this interpretation was not accepted as final
ln r 4 1 ] . Doubts also arose about some properties of
synthetic diamonds, which will be discussed later.

The most reliable information on the nature of ac-
ceptors in natural semiconducting diamonds was re-
ported inc 4 2 3. Measurements were made of the Hall
effect in the temperature range 150-1250 CK, of the
infrared absorption, and of the aluminum content (by
neutron-activation analysis). Table 3 gives the alumi-
num content found by activation analysis and the con-
centration of acceptor centers deduced from the Hall
effect.

The data in Table 3 are fully convincing: it follows
from them that the concentration of aluminum atoms
is less than the acceptor concentration (in some crys-
tals by one order of magnitude).

This information is in conflict with earlier hypotheses
on the role of aluminum as the dominant acceptor in
diamond. It is suggested in t 4 2 ] that the most probable
impurity responsible for the semiconducting properites
of diamond is boron. The data obtained for synthetic
semiconducting diamonds doped during growth or by the
ion implantation method confirmed this suggestion.

τ'κ
no mo

FIG. 20. Dependence of the
electrical resistivity on the
reciprocal temperature.M 8 J

The designations are the same
as in Fig. 19.

FIG. 19. Dependence of the Hall coefficient (cm /C) on the
reciprocal temperature.1 4 8 3 The scales for the different curves
are as follows: l)xlO; 2) x3; 3) x l ; 4) x l ; 5) xlO"1; 6) xlO"2.
1) natural diamond; 2) aluminum-doped sample; 3)—6) boron-
doped samples.

10-10*

1/ΤΧΚΐ1

C. Thermoelectric power

Measurements of the thermoelectric power of semi-
conducting diamonds were carried out in the tempera-
ture range 200-700 °K.t4 3 3 At300°K, this power was
3. 5 mV/deg. An analysis of the experimental results
showed that, below 300° K, the thermoelectric power
was dominated by the component ap, which was due to
the drag of electrons by phonons. At200°K, the drag
component aP for diamond was 1.1 x 10"2 V/deg (the
corresponding component for silicon was 1. 2xl0"3

V/deg).

4. SYNTHETIC SEMICONDUCTING DIAMONDS

Some years ago, after the successful synthesis of
diamonds,t 4 4 ] Wentorf and Bovenkerk1453 and Huggins
and Cannon1463 grew semiconducting diamonds. The
dopants were boron, aluminum, and beryllium. When
crystals of sufficiently high quality were obtained,
fairly detailed investigations of their properites were
made. The electrical properties were investigated
int 4 7~s l ] .

Figure 19 shows the dependences of the Hall coeffi-
cient on the reciprocal temperature obtained for vari-
ous samples.1 4 8 1 Figure 20 gives the dependences of
the resistivity of the same samples on the reciprocal
temperature.

The results obtained indicated'483 that the ionization
energy of acceptors was the same in all samples. Dif-
ferent values of the activation energy of conduction
could be due to the concentration dependence of the
ionization energy or due to the occurrence of hopping
conduction. It should be noted that all the samples
doped deliberately with boron contained large amounts
of aluminum.

Measurements of the infrared absorption in synthetic
semiconducting diamonds were reported in t 5 2 · 5 3 3 .

Figure 21 shows part of the absorption spectrum of
natural and synthetic diamonds.1 5 2 3 In this range of
photon energies, the absorption is due to transitions of
the third and fourth excited states of acceptors. It is
clear from Fig. 21 that the absorption spectra are
identical except that the spectrum of synthetic diamond
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FIG. 21. Absorption spectra of
semiconducting diamonds: natural
A100 crystal (first and third
curves from the top) and synthetic
crystal (second and fourth curves
from the top). t 5 2 ]

Photon energy, eV

is broader.

Thus, investigations of synthetic diamonds carried
out in the period 1962-1970 indicated that natural and
synthetic crystals, the latter doped with aluminum and
boron, contained the same acceptor. Since aluminum
was present in all these diamonds, it was concluded
that the acceptor in diamond was aluminum. Boron
was attributed a level separated by a smaller gap from
the top of the valence band and, therefore, it should be
the first to be compensated by impurities. However,
it was not clear why an increase in the aluminum con-
centration did not result in a considerable reduction in
the resistivity, whereas the introduction of boron pro-
duced this effect.

In addition to electrical and optical properties of
synthetic diamonds, studies were also made of ESR
spectra.C 5 4 ] These spectra had two wide bands which
were attributed inC54] to resonant absorption by free
and bound holes. Quantitative estimates were not ob-
tained because of the poor quality of the samples.

A considerable change in the status of synthetic dia-
mond occurred in 1971, when it was shown[51'563 that
diamond crystals free of inclusions and strong stresses
could be grown in the laboratory and that crystals ob-
tained in this way had relatively small amounts of ac-
cidental impurities (< 1016 cm"3 nitrogen). Crystals
grown in this way were up to 1 carat in weight. Semi-
conducting crystals were also grown by simultaneous
doping with aluminum and boron. The authors them-
selves pointed out that these diamonds were more ex-
pensive than natural stones but they had exceptional
properties suitable for investigations and applications
in electronics.

Figure 22 shows the temperature dependences of the
thermal conductivity of synthetic and natural diamonds
of various classes.c 5 e ; l We can see that the thermal
conductivity of synthetic diamonds exceeds the thermal
conductivity of the best natural samples, which shows
that there are fewer defects in the former. The nature
of the acceptors was also solved in the investigations
mentioned above. Figure 23 shows the absorption
spectra of a diamond sample not specially doped but
containing nitrogen, a sample doped with aluminum,
and a sample doped with aluminum and boron. Only
in the latter case does the spectrum include absorption

10C'

10 ΐ ό Ί 10' 10 53 10' 2C0 000

FIG. 22. Temperature dependences of the thermal conductivity
of synthetic and natural diamonds.C58:l Synthetic diamonds: 1)
nitrogen-doped, 10l s atoms/cm3; 2) nitrogen-doped, 10"2 at.%.
Natural diamonds"1: 3) type Ha (low nitrogen concentration);
4) type la (3.5x2020 atoms/cm3)·, Δ) type la and Ha; the classi-
fication of diamonds is the same as in t l ] .

typical of semiconducting diamond. The role of alumi-
num clearly reduces to the binding of nitrogen during
growth so that the boron acceptor does not become
compensated. It is shown in t 5 7 · 5 8 3 that titanium plays
the same role as aluminum. In samples free of mac-
roinclusions, the aluminum concentration is very slight:
its solubility in diamond is clearly low. Therefore,
the results reported in t 5 6 : do not exclude aluminum as
one of the possible acceptors in diamond.

The infrared spectra of synthetic diamonds doped
with arsenic were investigated.t571 The spectra had
new strong absorption bands at 0. 351 and 0. 507 eV.
Unfortunately, electrical measurements were not car-
ried out on these crystals.

Synthetic semiconducting diamonds also include boron-
doped diamond films which grew on the surfaces of
grain powders from natural diamond at a pressure of
0.1-1 Torr and a temperature of 1050 °C, i. e., under
conditions such that diamond was thermodynamically
metastable.C59:! In this case, diamond grew epitaxially
from the gaseous phase containing a mixture of di-
borane and methane. Initially, attempts to grow such
films on single crystals of natural diamond were not

100 r

Ε
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100—τ

FIG. 23. Absorption spec-
tra of synthetic diamonds1563:
a) high nitrogen concentra-
tion; b) doped with alumi-
num and boron; c) doped
with aluminum alone. The
vertical dashed line repre-
sents the change in scale
along the wavelength axis.

0.1 10
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successful.tS9J However, it was shown laterc 8 0 ] that
epitaxial growth from the gaseous phase could be used
to obtain single-crystal films of an area amounting to
several square mill imeters. t e 0 : Although the films
investigated in" 0 1 were not specially doped, it should
be possible to prepare semiconducting films by this
method in the near future.

5. NITROGEN CENTERS IN DIAMOND

The second impurity, after boron, which can easily
be incorporated in the diamond lattice in large quan-
tities (up to 1 at.%) is nitrogen. t e l ] Clearly, like boron,
nitrogen replaced carbon atoms in the lattice. Since
nitrogen belongs to group V, it should be a donor. How-
ever, all diamonds containing larger amounts of nitro-
gen are good insulators.

Isolated nitrogen atoms replacing carbon appeared
in the ESR spectrum in the form of characteristic ab-
sorption bands. t 6 2 ] An analysis of the ESR spectra
showed that the donor electron was strongly localized,
i. e., the energy level was located at a considerable
distance from the bottom of the conduction band. There
fore, the density of free electrons in the band at moder-
ate temperatures was practically equal to zero.

The concentration of isolated nitrogen atoms in nat-
ural diamond was found to represent only a small frac-
tion of the total concentration but the ratio of the two
concentrations was usually constant and equal to 2
xlO'5 for various crystals. t 6 3 ] Thus, most of the ni-
trogen present in natural diamond was found to form
complex aggregates. The centers composed of two
paired nitrogen atoms1 6 7 3 and large complexes com-
posed of two layers of nitrogen atoms were among
those identified most reliably. The latter complexes
were platelets oriented in the (100) plane.t 6 e : l The two
types of center were nonparamagnetic. It was interest-
ing to note that the converse was true of synthetic dia-
monds in which the nitrogen was present mainly in the
form of single isolated atoms. t 6 4 ] Clearly, the crystal
growth conditions in nature and laboratory were very
different.

The presence of nitrogen was responsible for a wide
ultraviolet absorption band, which started at a photon
energy of about 4 eV and merged with the fundamental
absorption of diamond.t l ] Photoconductivity was ob-
served in the same part of the spectrum and the photo-
carriers were electrons.c 2 4 : l This indicated that the
ionization energy of the nitrogen donors was about 4
eV. This energy probably depended on the form in
which the nitrogen was present. Therefore, the ab-
sorption and photoconductivity spectra were wide bands.

The nitrogen impurity in diamond gave rise to local
lattice vibrations which were optically active and re-
sponsible for infrared absorption. The nature of the
absorption spectrum of these local vibrations depended
on the predominance of a given form of nitrogen and
could differ from crystal to crystal.

A calculation of the ionization energy of nitrogen
donors in diamond was reported int 6 5\ Use was made
of the method of combinations of atomic and molecular

orbitals. The same method was employed in a pre-
liminary calculation of the energy band structure of
pure diamond. Since a limited number of carbon atoms
was used in these calculations, the valence and con-
duction bands were found to consist of discrete although
closely spaced levels. The energy gap between the
bands predicted by these calculations was close to the
experimental value. The ionization energy of the ni-
trogen donors was 4 eV.

There have been many investigations of nitrogen im-
purities in diamond (these are reviewed in[ 6 9 :) .

Modern analytic methods have revealed not only
boron and nitrogen but also many other elements in
amounts of 1017-10le cm"3 in diamonds. However,
there is no evidence of the influence of these elements
on the physical and optical properties of diamond. It
is not clear, also, how these impurities are captured
by the diamond lattice. It is possible that, like alumi-
num, these impurities are present mainly as macroin-
clusions and as a result the diamond crystals are much
purer than hitherto assumed.

The greatest interest lies in the behavior of group V
impurities in diamond, i. e., phosphorus, arsenic, etc.
Like nitrogen, these impurities should be donors. How-
ever, η-type semiconducting diamond crystals have not
yet been encountered in nature or produced in the lab-
oratory (except by implantation).

6. SEMICONDUCTING DIAMONDS PREPARED BY ION
IMPLANTATION METHOD

Attempts to diffuse impurities into diamond crystals,
so as to impart semiconducting properties, have not
been successful. Diffusion in diamond begins only at
very high temperatures (exceeding 1500 °C), when dia-
mond is no longer stable under normal pressure. It
is reported inc 7 0 ] that semiconducting films were pre-
pared under pressure at high temperatures by the dif-
fusion of boron into natural diamond. However, it was
not clear whether this was the true diffusion of boron
or epitaxial growth of a semiconductor film on the sur-
face of the original crystal.

In recent years, it has become usual to introduce
impurities by implantation of accelerated ions. The
advantages of the implantation method are well known.
The main and, unfortunately, unavoidable shortcoming
is the large number of displacements of atoms from
their sites in the original crystal. Therefore, success
in the application of this method to diamond depended on
the possibility of restoring the crystal structure by
subsequent annealing.

The first short report, by American workers, of
ion implantation in diamonds appeared in 1965C71: fol-
lowed by the Soviet report in 1966.t72] The subsequent
investigations of the electrical conductivity of implan-
tation-doped diamond layers subjected to high-tempera-
ture annealing,ΙΊ31 channeling of high-energy protons in
diamond,Γ74] and paramagnetic resonance175' demon-
strated that the lattice damage caused by implantation
could be largely healed by annealing at 1400 °C.
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FIG. 24. Dependence of
the Hall coefficient Rs(l)
and electrical conductivity
(II) of a diamond layer con-
taining implanted boron ions
(ion energy 55 keV, dose
1.7 xlO15 cm"2), and
annealed at various tem-
peratures (°C): 1) 1000;
2) 1150; 3) 1350.
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The most detailed investigations were made of p-type
semiconducting layers prepared by the implantation of
boron acceptors. t 7 6 ]

During the early stages of annealing, the implanted
boron atoms occupy lattice sites and do not diffuse even
at high temperatures. Figure 24 shows the dependences
logCTs =/(l/T) and log«s =/(l/D taken fromt 7 6 ]. Here,
σ, is the surface conductance, i. e., the conductance of
1 cm2 of the layer, Rs is the effective Hall coefficient
given by Rs = l/eps, and ps is the number of carriers
per 1 cm2 of the layer. The measurements were car-
ried out during various stages of annealing. According
to Fig. 24, the annealing of defects occurred up to
1350-1400 °C since the free carrier density and the
conductance increased between the annealing stages.
The Hall coefficient Rs exhibited a maximum and the

dependence logas =/(l/T) had a change in slope at the
temperature of this maximum. This demonstrated that,
below 600 ° K, the conduction process in the sample was
of the interimpurity (hopping) type. This was in agree-
ment with the high acceptor concentration in the layer,
which amounted to about 1019 atoms/cm3. The ioniza-
tion energy of acceptors governed the slope of the high-
temperature part of the dependence log.Rs =/(l/T). The
values of the ionization energy, mobility, and surface
concentration of uncompensated acceptors in several
samples are listed in Table 4. It follows from this
table that the mobilities may be fairly high. The ion-
ization energy (0. 3 eV) is close to the ionization energy
of acceptors in natural diamonds.c791

The implantation of lithium ions in diamond is of
particular interest because the first «-type semicon-
ducting diamond crystals were produced in this way.

An investigation of the distribution of implanted lith-
ium in diamond established that the position of the con-
centration maximum was in agreement with the
theory.c77: l However, some of the ions were found at
depths much greater than those predicted theoretically.
Near the concentration maximum, the lithium was in a
strongly disordered layer, whereas, in the "tail" of the
distribution curve of lithium, the concentration of de-
fects was relatively low. This was probably why an-
nealing of implanted layers had a different effect in
the region of the maximum concentration of lithium
and in the tail region.C78] When the annealing tempera-
ture was increased, the electrical conductivity of dia-
mond in the layer corresponding to the lithium concen-
tration maximum decreased, whereas, in the region of
the tail, it increased. After annealing at 1400 °C, the
overall conductivity of the lithium-doped diamond layer
was several orders of magnitude higher than the con-
ductivity of the same layer immediately after implan-
tation. The conducting layer was located at a depth 2-3
times higher than the depth of the lithium concentration
maximum and was separated from the surface by an
insulating layer. Figure 25 shows how the conductivity
varied as a result of layer-by-layer etching of an im-

TABLE

Sample
No.

4.

Radiation
dose,
ions/cm2

Resistivity
of layer
(S2 · cm) at
T=300 °K (extrapolated)

Mobility,
cm 2 · V"1· sec"1

r=3oo °κ T = 600 °K C o m m e n t s

Boron

13 Κ
80
78
82
72

1 . 7 - 1 0 1 5

10ls>

6 · 10 1 4

6 · 10 1 4

3 · 10 1 4

6
6

13.
13.

30

5

5

1 . 5 · 10 1 4

5-10 1 3

1 0 "
4 · 10 1 3

2. ·10 1 3

1
30

500

700
400

40
100
180

180
110

Hopping conduction
in s a m p l e 13 Κ
a t 300 °K

Lithium

62M

67M
65
65

132
132

1 . 2 Ί 0 1 5

6-1015

1.2· 1015

3·101 δ

1.2 ·101 5

6·101 5

0.6
0.8
1.2
1

104

ΙΟ3

—

-
—
—
_

—

— —
- —
_ _
— _
— —
- -

Results of ac
measurements
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FIG. 25. Dependences of the
surface conductance of layers on
four samples implantation-doped
with lithium during successive
etching away. The dose was 3
xlO16 cm"2 and the energy (keV)
was 40 for samples a-c and 80
for sample d. Sample b was
annealed for 30 h at 1400 °C.
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plantation-doped sample. t 7 " The anomalous distribu-
tion of the lithium atoms and conductivity has not yet
been fully accounted for.

It is very difficult to form ohmic contacts needed in
investigations of the Hall effect at p - η junctions in
diamond; a fully satisfactory technique has yet to be
developed. This is clearly due to the fact that the en-
ergy barrier at the boundary between «-type diamond
and a metal (aluminum or gold) is very high, being
much higher than the corresponding barrier on silicon.

Table 4 gives the values of the resistivity of doped
layers formed by implantation of various lithium ion
doses. Clearly, the resistivity is poorly correlated
with the dose. Some (relatively few) samples have a
high resistivity and this may be due to the presence of
accidental compensating impurities.

The dependence logas =/(1/Γ) is a straight line; the
activation energy of conduction is 0.17 eV.

Semiconducting η-type layers were formed in dia-
mond by implantation of carbon and group V ions. t 7 3 t 8 1 ]

However, annealing above 800 ° C destroyed this type
of conduction. Annealing at 800 °C or lower resulted in
the retention of some of the radiation defects. Layers
obtained in this way were strongly compensated low-
mobility semiconductors. In spite of that, the implan-
tation of boron and phosphorus ions into a diamond
plate produced the first p - η junction in diamond.t 8 0 1

A structure with a p - η junction is shown in Fig. 26.
The p — n junction plane was perpendicular to the planes

FIG. 26. Sample with &p-n
junction: 1) />-type region with
implanted boron; 2) η-type re-
gion with implanted phosphorus;
3) ohmic contact; 4) η-type re-
gion with boron overcompensated
by phosphorus; 5) p — η junctions.

-J -3 -1

2-«""'

FIG. 27. Current-voltage
characteristic of ap — π junc-
tion.

3 5
Voltage, V

of the doped p- and η-type layers; the area was approxi-
mately 2 x 10"6 cm"2.

Figure 27 gives the current-voltage characteristic
and Fig. 28 the photo-emf spectrum obtained as a re-
sult of illumination of this p-n junction with ultraviolet
light. The photosensitivity was found to lie in the range
of wavelengths corresponding to the fundamental ab-
sorption edge of diamond.

It is difficult to say why implantation of group V ele-
ments fails to produce electrically active donors in dia-
mond. It is possible that the replacement of carbon at
a lattice site results, by analogy with nitrogen, in deep
donor levels. Moreover, these elements may not be-
have as substitutional impurities. For example, it
was reported in t 7 4 ] that, after annealing at 900 °C, the
implanted phosphorus atoms were not located at the
lattice sites. Such studies have not yet been carried
out after annealing at higher temperatures.

7. POTENTIAL PRACTICAL APPLICATIONS OF
SEMICONDUCTING DIAMONDS

The preparation of high-quality synthetic semicon-
ducting diamond crystals, the success attained in ion
implantation doping, and the possibility of epitaxial
growth of diamond on diamond provide sufficient evi-
dence to expect the eventual use of this unique material
in semiconductor electronics. Devices have already

3/7

Ε

Ε 20
Ο

Ι

-

t

FIG. 28. Dependence of the
photo-emf of a p — η junction on
the exciting light wavelength.
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been developed on the basis of diamond and these in-
clude a nuclear radiation detector125·1 and a thermistor.t 8 2 ; l

The active zone of a diamond detector is a high-qual-
ity homogeneous insulating natural diamond. The main
feature of this new type of detector is the use of con-
tacts which inject carriers into the bulk of the crystal,
which avoids polarization in the bulk and ensures opera-
tional stability of the detector. Diamond detectors can
be used at high temperatures (up to 300 ° C) and in ag-
gressive chemical media. They have a good radiation
stability, which is two orders of magnitude higher than
that of silicon detectors (in respect of neutrons); more-
over, diamond detectors have the advantage of a low
noise level. This makes them suitable for the detection
of low-energy nuclear radiations. Figure 29 shows the
conversion-electron spectra of various nuclides re-
corded at room temperature.

The strong temperature dependence of the electrical
conductivity, low specific heat, and high thermal con-
ductivity of diamond make it an ideal thermistor, which
is sensitive and has a fast response.

The high conductivity of diamond makes it possible
to use this material as a heat sink for semiconductor
devices (for example, avalanche-transit silicon diodes
or semiconductor lasers).U 8 3 ] The use of such heat
sinks makes it possible to increase the power dissipa-
tion in semiconductor devices severalfold.

The capacitance-voltage characteristics of Schottky
barriers on synthetic £-type diamonds were investi-
gated int M 1. A model was proposed in that paper for
the calculation of these characteristics, allowing for
the time needed to liberate carriers from an acceptor
level to a band and for the series resistance of the
semiconductor, which could not be ignored in the case
of diamond. The height of the gold-diamond potential
barrier was within the range 1. 25-1. 45 eV, in agree-
ment with the earlier results.11851 This study could pro-
vide a foundation for the development of new high-fre-
quency devices.

Natural diamonds luminesce in the ultraviolet and
visible parts of the spectrum. The luminescence yield
is fairly high: according to1 8 6 1, the yield of electron-
beam-excited diamonds is 0. 01-0. 03 photons per elec-

tron-hole pair. Therefore, p — i-n structures based
on diamond are efficient radiation sources.

Only the first steps have been taken in applying semi-
conducting diamonds in practice. It is at present diffi-
cult to predict all potential applications of semiconduct-
ing diamonds. They will become clear as the technol-
ogy for the preparation of the pure material develops;
in our opinion, the epitaxial method may become par-
ticularly important.
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