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eigenvalues are all real and positive; for an isotropic t 
parabolic band the eigenfunctions of K are Sonine c 
polynomials and the eigenvalues are nyr/m*, with yr 

given by Eq. (3.13). c 
In the limit w —»°°, ! 

i 
( r W - > - i ( ^ / c o ) ^ o o . (A6) 

The meaning of K0o can be found by considering the dc 
conductivity under a scattering mechanism represented 
by a constant relaxation time. Under these conditions, ] 

from Eq. (3.22), ] 
ao=e2rKoo. (A7) ' 

Hence * 
Kw=n/m*9 (A8) j 

where m* is the effective mass determining the conduc-

I. INTRODUCTION 

RECOMBINATION radiation of quantum energy 
close to the indirect energy gap, Eg = 5.S eV, of 

natural semiconducting diamond (type l i b ) 1 has al­
ready been discussed.2 Comparisons of results obtained 
from the latest edge-emission spectra with the lattice-
vibrational dispersion curves recently measured by the 
inelastic scattering of slow neutrons3 shows that the 

1 C. D. Clark, R. W. Ditchburn, and H. B. Dyer, Proc. Roy. 
Soc. (London) A234, 363 (1956). The classification of natural 
diamonds by absorption spectra is discussed in this reference. 

2 P. J. Dean and I. H. Jones, Phys. Rev. 133, A1698 (1964). 
3 J. L. Warren, R. G. Wenzel, and J. L. Yarnell, Phys. Rev. 

(to be published). 

F . G A R C I A - M O L I N E R 

tivity. A general expression for m* is obtained by 
comparing Eqs. (A8) and (A3). 

The poles of a(N\ regarded as a function of the 
complex variable co, are the zeros of the determinant 
| L-\- iuK |, as all the matrix elements of L and K are 
finite. Consider the equation 

\L-\K\=Q. (A9) 

Because L and K are Hermitian and positive definite 
it follows that all the roots X are real and positive. The 
poles of Eq. (A5) are then given by Eq. (A9) with 
X= — io>. Hence a(N} is analytic in the lower half of the 
a? plane, like the exact solution a. By integration round 
an infinite semicircular contour closed round the lower 
half plane, using Eqs. (A6) and (A8), the sum rule 
(2.13) is obtained. 

previous interpretation must be revised. The present 
paper shows that a very satisfactory description of the 
indirect gap transitions is obtained using the new 
lattice-dispersion data. The diamond spectra prove to 
be remarkably similar to the well-known recombination-
radiation spectra of silicon,4 the main differences arising 
from the very small spin-orbit valence-band splitting 
and the more compact wave functions for the elec­
tronic complexes in diamond. 

In the previous work, edge emission from insulating 
General Electric synthetic diamonds was looked for 

4 J. R. Haynes, M. Lax, and W. F. Flood, J. Phys. Chem. 
Solids 8, 392 (1959). 
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The edge-recombination-radiation spectrum from natural semiconducting diamond has been re-examined 
and compared with spectra obtained for the first time from aluminum and nominally boron-doped General 
Electric synthetic diamond. The intrinsic components are due to the phonon-assisted decay of free indirect 
excitons of internal binding energy ^0.08 eV. Comparison of the phonon energies with recently obtained 
dispersion curves for the fundamental lattice vibrations shows that the conduction-band minima are located 
at points f of the way from the center to the (100) boundaries of the reduced zone. Substructure has been 
observed in the intrinsic components due to the ~7-meV spin-orbit splitting in the valence-band energy 
states at the zone center. The major extrinsic components are due to the zero-phonon and phonon-assisted 
decay of excitons bound to a characteristic acceptor center of semiconducting diamond (£^ = 0.36 eV). The 
bound excitons have a thermal and optical ionization energy of ~ 5 0 meV. These extrinsic components 
exhibit enhanced spin-orbit splitting (^12 meV). Radiation due to the zero-phonon and phonon-assisted 
recombination of free electrons at the neutral acceptor center has been detected. Infrared absorption meas­
urements, neutron-activation analysis, and electrical-transport (Hall-eflect) measurements have also been 
made. Intercomparison of these results and the edge-emission data shows that the acceptor center is due to 
isolated substitutional aluminum impurities. These acceptor centers are considerably more abundant in the 
synthetic diamonds, but the degree of compensation is generally much higher than in the available natural 
semiconducting specimens. Nitrogen donors with very deep energy levels apparently play a major role in the 
compensation. 
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without success. Since then, useful spectra have been 
obtained from doped synthetic (semiconducting) speci­
mens. The principal components in the spectra from 
these synthetic diamonds are very similar to those 
previously described from type-lib natural diamonds. 

Improvements in experimental technique have facili­
tated more sensitive spectral investigations, and several 
new intrinsic and extrinsic emission components have 
been discovered. The present discussion of the extrinsic 
components is restricted to those which can be associ­
ated with transitions involving the acceptor center 
which is characteristic of natural type-lib diamond. 
Optical, electrical (Hall-effect), and neutron-activation-
analysis experiments provide strong evidence for the 
identification of this prevalent acceptor center with dis­
persed substitutional aluminum. 

II. EXPERIMENTAL 

A. Optical Emission 

The recombination radiation was excited by an 
electron beam. Typically a 20~/*A beam of 60-keV elec­
trons was focused onto a region of the specimen be­
tween 0.1 and 0.5 mm in diameter. The previously 
used apparatus2 was simplified and largely rebuilt 
using stainless steel so that a working vacuum of 
^ 1 0 ~ 5 mm Hg could be obtained near the electron 
gun, thus reducing the amount of ion bombardment 
of the specimen surface to a tolerable level. The optical 
system was simplified and a different recording mono-
chromator with improved resolution was developed. 
Spectra have been obtained of the weak edge emission 
from many specimens with a signal-to-noise ratio of 
> 100:1 at the peak of the principal components, using 
a Rayleigh resolving power of ^2000 (3-meV spectral 
slitwidth). 

The specimens are mounted in indium pressed into 
a copper boat which forms part of the cold finger of a 
stainless-steel Dewar. The axis of the Dewar and the 
specimen surface are usually set at 45° to the vertical 
electron beam and the emission is viewed in the hori­
zontal plane. Close attention was paid to the thermal 
contact between the specimen and the Dewar since 
> 1 W of electrical power was dissipated within a 
volume of ~10~ 6 cm3 in the specimen. This corresponds 
to a generation rate of free carriers of ^-lO23 cm -3 , 
since the mean energy required to form one electron-
hole pair is ^ 2 0 eV.5 Some of the synthetic specimens 
have only ^ 10~~5 cm"3 total volume. 

The temperature of specimens under irradiation was 
estimated from tests made with a 1.5-mm-diam type-
Ha specimen which has a 0.35-mm hole bored into its 
surface. A thermocouple junction was packed into the 
hole with indium. The difference between the specimen 
and Dewar temperature was measured as a function 
of the intensity of the 60-keV electron beam focused 
onto the specimen close to the thermocouple junction. 

5 P. J. Dean and J. C. Male, J. Phys. Chem. Solids 25, 311 
(1964). 
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For a typical beam current (^20juA) this difference 
was +15°C with the Dewar at 80°K. Calculations 
show that the temperature difference between adjacent 
interior portions of the diamonds should be negligible 
compared with this indicated difference, since the 
thermal conductivity of these relatively perfect speci­
mens is - 1 0 0 W cm"1 °K-1 at 100°K. 

Edge emission can only be obtained from relatively 
perfect diamonds. Nitrogen donors, both in associated 
(type-I6) and dispersed7 configurations, together with 
the defects introduced by irradiation damage, effi­
ciently inhibit the edge radiation. 

B. Electrical-Transport Measurements 

Measurements of the Hall effect and conductivity 
were made between ~200°K and ~1000°K in order 
to obtain essentially complete thermal dissociation of 
the acceptor centers of type-IIb natural semiconducting 
diamond (EA^0.36 eV). A specially designed furnace 
and cryostat was used for measurements, respectively, 
above and below 300°K.8 Conventional techniques were 
used to prepare the contacts between tungsten wires 
and the rectangular-parallelepiped specimens. Con­
siderable efforts were made to ensure that the side 
contacts (spots of Degussa No. 200 silver paint —0.1-
mm diam) were as small as possible compared with 
the specimen length (2 to 3 mm). The crystals were 
pressed by the contact wires onto a fused silica plate 
and the wires were attached to the plate with Sauereisen 
ceramic cement. 

The plate was bolted to a copper heater block with 
large thermal capacity, so that measurements could be 
made without the use of a servo control system to 
stabilize the specimen temperature. With care, the four 
sets of Hall and conductivity potentials for the possible 
combinations of the direction of magnetic field and 
transverse current flow, together with the magnetic 
field and the temperature, could be recorded within a 
1 °C temperature change of the furnace. Care was taken 
in the mounting and during the measurements to mini­
mize the effect of rectification at the current contacts, 
of the magnitude of the misalignment voltage at the 
Hall contacts and of the thermoelectric potentials. 
These effects are very troublesome in electrical meas­
urements on diamond because of the inconveniently 
large temperature range which must be used and be­
cause of the difficulty of preparing nonrectifying 
contacts. 

C. Neutron-Activation Analysis 

The quantitative estimation of aluminum in diamond 
using neutron-activation analysis with the reaction 

Al27(rc,T)Al28 (1) 
6 T. Evans and C. Phaal, Proc. Roy. Soc. (London) A270, 538 

(1962). 
7 H. B. Dyer, F. A. Raal, L. du Preez, and J. H. N. Loubser, 

Phil. Mag. (to be published). 
8 E. C. Lightowlers, Ph.D. thesis, London, 1964 (unpublished). 
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FIG. 1. Edge-recombination-ra­
diation spectra from a relatively 
strain-free natural p-type semi­
conducting diamond at 100°K. 
The notation is discussed in the 
text. Resolution, 3 meV. 
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has already been described.9 The main difficulty arises 
from the short life of the 1.78-MeV y emission of 
Al28 (2.27 min). Using counting equipment close to the 
DIDO reactor, it proved possible to clean and mount 
the specimens in the 7-ray spectrometer in just over 
one half-life after 10-min irradiations at a thermal-
neutron flux of -^5X1012 n cm~2 sec"1 and a fast neutron 
flux of — 5X109 n cm - 2 sec"1. The integrated dose of 
fast neutrons was therefore -^3X1012 n cm -2, and was 
far too small to produce experimentally significant 
lattice damage.10 The measurements can therefore be 
regarded as completely nondestructive. 

The limiting practical sensitivity for Al27 was ^ 2 
X10~9 g under these conditions. The shaped natural 
l i b specimens available for the electrical measure­
ments weighed 20 to 30 mg, so that concentrations of 
Al27> 1016 cm - 3 could be measured. Typical concentra­
tions are ^ 5 X 1 0 1 6 cm"3 (Table IV), so that the re­
sults of individual measurements were obtainable with 
a ± 2 0 % confidence level. 

III. RESULTS AND DISCUSSION 

The detailed edge-emission spectrum from a natural 
semiconducting diamond at 100°K is shown in Fig. 1. 
The upper and lower spectra are taken at a high 
recording gain and show the details of the central 
low-gain spectrum. The earlier component notation2 

has been amended in accordance with the new inter-
pretational scheme discussed in Sec. I l l Al . 

The extrinsic components XY, present in spectra 
from non-semiconducting diamond,2 have also been 
closely re-examined. The previously quoted energies of 
these components at ^100°K have been found to be 
overestimated by ^ 5 meV. The new work has shown 
that the XY components are the emission version of 
the "N9 system" absorption "doublet" prominent near 
5.26 eV in the edge-absorption and luminescence-
excitation spectra of insulating type-I, intermediate 
and "type-IIa" natural diamonds.11-12 Comparison of 
the emission and absorption spectra shows that XY 
are zero-phonon components and that the ~10-meV 
X-Y splitting arises in the excited state. The splitting 
is likely to be due to spin-orbit splitting of the hole 
state of a bound exciton, as discussed in Sec. I l l Bl 
for the D components of Fig. 1. A detailed discussion 
of the XY and other apparently associated lower 
energy zero-phonon components (down to ^4 .66 eV) 
will be presented in a subsequent paper. 

We will now discuss the typical " type- l ib" edge-
emission spectrum of Fig. 1. I t is convenient to ex­
amine the intrinsic components, involving the radia­
tive recombination of free excitons, separately from 
the extrinsic components, which are due to the decay 
of excitons bound to one particular type of point 
defect in the crvstal lattice. 

9 E. C. Lightowlers, An. Chem. 34, 1398 (1962). 
10 C. D. Clark, P. J. Kemmey, and E. W. T. Mitchell, Discus­

sions Faraday Soc. 31, 96 (1961). 

11 F. A. Raal, Proc. Phys. Soc. (London) 74, 647 (1959). 
12 P. J. Dean and J. C. Male, Proc. Roy. Soc. (London) A277, 

330 (1964). 
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NATURAL SEMICONDUCTING DIAMOND AIOO 

FIG. 2. Edge-recombination-ra­
diation spectra from a natural p-
type semiconducting diamond at 
high temperatures. A-Emission 
spectrum at 550°K. B-Analysis 
at 400°K of main intrinsic com­
ponent BiE of the edge recombina­
tion radiation spectrum using a 
single Maxwell-Boltzmann (M.B.) 
theoretical curve. C-As B but at 
550°K. Component B\' is due to 
the radiative recombination of free 
unbound electrons and holes (see 
text). Resolution, 12 meV. 
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A. The Single-Phonon Region of the Intrinsic 
Recombination-Radiation Spectrum 

1. The Analysis of the Spectrum 

Comparison of Fig. 1 with the emission spectra from 
various types of natural diamond2 and with cal­
culations made from the edge-absorption spectrum13 

strongly suggests that the components A, B, and 
C are intrinsic. These components represent re­
combinations within the perfect lattice distorted only 
by the presence of quanta from the normal-mode 
spectrum of lattice vibrations. The extrinsic compo­
nents D are observed with specimen-dependent variable 
intensity relative to A, B, and C in spectra from l i b 
specimens, and are entirely absent for intermediate or 
type-IIa crystals. Edge emission cannot be detected 
from type-I diamonds under available excitation rates. 

The shape of the edge absorption components13 

clearly demonstrates that the lowest energy gap be­
tween the valence and conduction band is indirect, 
involving a change of electron momentum (Kc— K v ^ 0 ) . 
Analysis shows that bound electron-hole (exciton) 
states, rather than free carrier states, are created in 
the near threshold phonon-assisted optical absorption 
transitions. The exciton binding energy Ex is 0.07 to 
0.08 eV.1213 Ex is - 0 . 0 0 8 eV for silicon, and the radia­
tive recombination rate for free electrons and holes is 
only <^>l of the exciton recombination rate at 83°K, 

and is negligible at 18°K.14 The edge-emission spectra 
from diamond at <200°K should therefore be domi­
nated by the recombinations from exciton states. This 
prediction is experimentally confirmed. Only the main 
intrinsic components Bi and B2 can clearly be resolved 
in the spectra obtained above 300°K, and the inte­
grated spectral intensity is much less than at 100°K. 
In spite of this it can be seen that at T>400°K com­
ponent Bi contains extra radiation on the high-energy 
tail commencing near B{\ Ex (—80 meV) above the 
low-energy threshold of Bh due to the recombination 
of free unbound electron-hole pairs (Fig. 2). Extra 
radiation is also observed at energies > 6 0 meV above 
the B\ threshold, apparently due to the thermally 
broadened A\ component (Fig. 1). Extra radiation is 
also apparent at 550°K, but not at 400°K, near to 
5.5 eV (Fig. 2). Component BX

A is clearly defined and 
involves the annihilation of an indirect exciton with 
the absorption of a phonon from the lattice. The very 
weak component AX

A probably corresponds to com­
ponent A i of Fig. 1 but with the absorption of the 
momentum conserving phonon. Components AiA and 
BiA are both subject to appreciable self-absorption 
distortion13 even though the primary excitation only 
penetrates — 50ju below the crystal surface. A detailed 
analysis of the component shape has, therefore, only 
been made for component BX

E. Component B2
E, which 

13 C D. Clark, P. J. Dean, and P. V. Harris, Proc. Roy. Soc. 
(London) A277, 312 (1964). 

14 J. R. Haynes, M. Lax, and W. F. Flood, in Proceedings of the 
International Conference on Semiconductor Physics, 1960 (Academic 
Press Inc., New York, 1961), p. 423. 
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TABLE I. Energies and classification of recombination emission bands from diamonds at 100°K. 

Band and threshold 
energy (eV) 

AS; 5.329 
Au 5.322 
B / ; 5.275 
Bi; 5.268 

Ci'; 5.253 
G ; 5.246 

A2] 5.145 
J32;5.10 

£ 3 ; 4.93 

Bi«; 5.212\ s50oK 
J5iA; 5.49 T 5 U K 

Intrinsic 

Classification 

EBX
f ~(fuo) TAC 

Egx — (1UO)TA€ 

Egx' — {hoi)Toc 

Egz~ (flu) TOC 

Egx'—i^LO0 

EgX— ( # 0 > ) L O C 

£ p * — ( # 0 > ) T A Z ~ ( & O ) 0
Z ~ C 

£ ? * — ( # O > ) T O C ~ (^CO)R 

Egx — (&») TOC ~ 2 (fed) R 
(approx.) 

^ A V - ( ^ ) T O C 

•E**AV+(&O)TOC 

Band and peak 
energy (eV) 

ZV; 5.368 
ZV, 5.356 

ZV; 5.227 
A ; 5.215 

A " ; 5.193 

ZV; 5.060 
D2; 5.048 

ZV; 4.903 
Z>3; 4.890 
ZV; 4.755 

£ 0 ; 5.135a 

JSi;4.97a 

Extrinsic 

Classification 

EQX —E/LX 
Egx E\x 

Egx'-EJ-ih^no0 

Egx — EiX~{fasi)?0C 

Egx—Eix— ( ^ W ) L O C 

Egx'-EJ-ibuhoC-diu)* 
Egx—EAx— ( ^ ) T O C — C M R 

EQx—EJ~ (Jka)Toc~2(iko)n 
Egx — Eix— (4O)TOC—2(^CU)R 
J W - ~ 0 . 1 5 eV 

£„-£* 
£ 0 — J S A — (#O>)R 

1 Thresholds. 

is evidently much broader than BiE, is discussed in 
Sec. I l l A3. The energy difference between B\A and 
B\E is twice the relevant phonon energy [Eq. (3) below] 
and is given in Table I. 

The temperature dependence of the exciton energy 
gap may also be obtained from the data of Figs. 1 and 
2. These new results give an energy gap about 5 meV 
larger than previously found from absorption-edge 
measurements for 100°K^ T^ 600°K.13 

The peak intensity of component B\f occurs at 
about 75 meV (i.e., ^2kT) above the low-energy 
threshold after subtraction of the high-energy tail of 
2?i. This suggests that the radiative-recombination 
cross section for free electrons and holes in diamond 
is effectively independent of the relative carrier ve­
locity, as has also been observed in silicon.14 

For the decay of free excitons, the shape of the 
emission components is given by 

I/h=a e x p [ - (hv-hv0
E)/kTl, (2) 

where h is an arbitrary normalization factor, hvoE is 
the low-energy threshold of the emission component, k is 

a 2n 

3 i 

2 
5 

SPECIMEN AIOO IOO°K 

A l\ 
A-EXPERIMENTAL 
B-MB. CURVE 
C - DIFFERENCE (A-B) 

\\,H I" \ 

\ 

O IO 2 0 30 4 0 
PHOTON ENERGY MEV 

FIG. 3. Analysis of the main intrinsic component B\ of the 
100°K edge-recombination-radiation spectrum of diamond using 
two Maxwell-Boltzmann (M.B.) theoretical curves. Resolution 
3meV. 

Boltzmann's constant, and T the absolute temperature. 
The exponential factor assumes that the kinetic-energy 
distribution of the free excitons is nondegenerate. Since 
the lifetime of the excitons is probably <;10~5 sec,14 

their density is < 1018 cm~3 and the mean inter-exciton 
separation is therefore > 100 A. The electron-hole sepa­
ration in the free exciton is only ^-45 A if the dielectric 
constant E is 5.7. The edge-absorption coefficient a is 
proportional to (hv—hvoA)112 for an allowed transition 
component with threshold hvoA. The absorption and 
emission transitions at low temperatures (kT<^ho)) in­
volve only the emission of phonons into the lattice, so 
that 

hv0
A = hvQE+2ha; (3) 

ho) is the energy of a phonon which conserves momen­
tum in the indirect electronic transition 

K p = Kc—-Ktf (4) 

where Kp is the momentum of the phonon. We discuss 
only single-phonon-assisted components in this section. 
These are denoted by subscript 1 in Figs. 1 and 2. For 
diamond, like silicon and germanium, Kt, = 015 so that 
K P =K C . Since there are four branches in the lattice 
vibrational spectrum along the major symmetry axes 
of the diamond-type lattice, up to four single-phonon 
intrinsic emission components, involving four different 
values of ftw, may be expected. 

Equation (2) shows that components Ai, B\, and C\ 
should have Maxwell-Boltzmann (M.B.) shape for 
allowed transitions. Analysis of component Bi (Fig. 3) 
shows that the experimental curve can be satisfac­
torily represented by two M.B. subcomponents for 
which hvQ

E are 5.268 eV and 5.275 eV, at 100°K 
(Table I). These components are labeled B\ and B\ 
in Fig. 1, and cannot be resolved in Fig. 2, where a 

16 F. Herman in Proceedings of the International Conference on 
the Physics of Semiconductors, Paris. 1964 (Academic Press Inc., 
New York, 1965), p. 3. 
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single M. B. component is used in the analysis of 
component B\E. Most of the additional broadening ob­
served on the low-energy side of the experimental 
curve is due to the 3-meV spectral resolution, but 
broadening may also arise at 100°K due to internal 
strain. This strain broadening appears to be excep­
tionally small for specimen A100 (~1.5 meV at half 
height at 100°K). 

A study of the width of the bands in the infrared 
photoexcitation spectrum for holes at the acceptor 
center in l ib diamonds has confirmed that inhomo-
geneous strain broadening is exceptionally small for 
specimen A100. External uniaxial strains of <0.01% 
cause changes in the infrared spectrum sufficient to 
account for the differences between the zero-stress 
spectra from different specimens. The components of 
the edge-recombination spectra of all specimens show 
appreciable broadening between 100 and 300°K presum­
ably because exciton-phonon scattering becomes signif­
icant in this temperature range (Fig. 12). 

Intrinsic component A± also contains two compo­
nents, Ai and Ai, which are clearly resolved in Fig. 1, 
and are similar to Bi and B\. Although a quantitative 
test is more difficult because of the presence of the Bh 

Bi tail, it has been shown that Ai and A\ are also of 
M.B.-type shape. The thresholds of these subcompo­
nents are given in Table I, together with those for C\ 
and Ci estimated from Fig. 1. This fine structure in 
the A and C components was not resolved in the 
earlier measurements.2 The two B\ subcomponents 
were then attributed to two different values of ho> in 
Eq. (3). The intensity ratio of the B\ and B\ compo­
nents decreases with decrease in temperature (Fig. 4), 
as is also true for the A and C subcomponents. It is, 
therefore, evident that these splittings have electronic 
origin and that thermalization occurs between the 
components in the excited (free exciton) state. 

The magnitude of the splitting is 7±1 meV, i.e., 
close to the spin-orbit splitting for free carbon (~5 meV) 
and also to the experimental value at Kv determined 
from the thresholds of the photoexcitation spectra for 
the appropriate components of the cyclotron-resonance 
absorption spectrum of free holes in lib natural dia­
monds at ^4°K (6=fcl meV).16 The splittings in Figs. 
1, 3, and 4, therefore, arise from the spin-orbit splitting 
of the hole state of the free exciton. 

Components involving excitons from the split-off 
valence band have not been observed in the edge-
emission spectra of silicon or germanium because of the 
effect of the large magnitude of the spin-orbit splitting 
(0.05 eV for silicon, 0.28 eV for germanium) on the 
relevant thermal population factors. The corresponding 
absorption components may be observed, however.17 

For silicon carbide, the valence electrons are predomi-

16 C. J. Rauch, in Proceedings of the International Conference on 
Semiconductor Physics, 1962 (Institute of Physics and the Physical 
Society, London, 1963), p. 276. 

17 M. V. Hobden, J. Phys. Chem. Solids. 23, 821 (1962). 

TABLE II . Parameters discussed and estimated from experiment. 

Parameter 

(h<o)TAC 

(hcoJTO0 

(na>hoc 

(na>)TAZ 

(MR 
Egx' 

Egx 

Ex 
Ea 

EA 

Eix 

E\x 

Energy (eV) 

0.087±0.002 

0.141=1=0.001 
0.163=1=0.001 

0.10 ±0.005 

0.167±0.002 
5.416=1=0.002 

5.409=1=0.002 

0.08 =1=0.005 
5.49 ±0.005 

0.36 ±0.01 

0.048=1=0.002 

0.053=1=0.002 

Description 

Transverse-acoustical phonon at 

Tranverse-optical phonon at KP=KC 
Longitudinal-optical phonon at 

Transverse-acoustical phonon at 
Kp= Kmax\100) 

Raman phonon (Kp=0) 
Indirect exciton energy gap associated 

with lower valence band at 100°K 
(average Egx

Av). 
Indirect exciton energy gap associated 

with upper valence bands at 100 °K. 
Binding energy of indirect exciton. 
Indirect energy gap associated with 

upper valence bands at 100 °K. 
Ionization energy of aluminum accep­

tor center. 
Binding energy of lower-valence-band 

indirect exciton to neutral acceptor 
center. 

Binding energy of upper-valence-band 
indirect exciton to neutral acceptor 
center. 

a The quoted uncertainties are maximum estimated errors. 

nantly associated with the carbon sublattice. A split­
ting of 4.8 meV, observed in the extrinsic emission 
components due to excitons bound to neutral nitrogen 
donors (4D complexes-Sec. I l l Bl), is identified with 
spin-orbit splitting of the hole state. The magnitude of 
the splitting can be influenced by the impurity poten­
tial in the bound exciton state (Sec. I l l Bl). 

The exciton energy gap, EgX=Eg—Ex, is ^5.41 eV 
at 100°K.13 The phonon energy associated with the 
Bh Bi components is, therefore, ~0.14 eV, which is 
half of the energy separation of components BiA and 
B\E in Fig. 2. This is close to the energies DQ—DX 
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FIG. 4. Edge-recombination-radiation spectra from natural p-
type semiconducting diamond showing the change in the shape 
of the main intrinsic component due to thermalization of the 
intensity of subcomponent B\ relative to B\. Intrinsic component 
Ax is not clearly resolved at >135°K. A portion of the 80°K 
spectrum is reproduced under high recording gain to show the 
narrow zero-phonon extrinsic components Do, DQ. Resolution 3 
meV. 
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FIG. 5. The lattice-vibrational dispersion curves of diamond 
for (lOO)-type directions determined by measurements of inelastic 
neutron scattering (Ref. 3). • and • are experimental points 
obtained from neutron scattering, • is derived from the Raman 
spectrum and points X are derived from the edge-recombination-
radiation. The fit of points X to the dispersion curves locates the 
wave vector of the conduction-band minima (vertical line at 
K/Kma.x~0.76). The analysis of the recombination-radiation 
spectrum supports the identification of the dispersion curves 
derived initially from the neutron measurements (see text). 

and DQ—DI observed in the extrinsic spectrum 
(0.141 ±0.001 eV from Table I). The D extrinsic sys­
tem represents the decay of weakly bound excitons, for 
which the selection rule of Eq. (4) is accurately 
obeyed.18,19 I t is, therefore, convenient and more ac­
curate to obtain the values of hoi from the D compo­
nents simply as the appropriate differences between 
peak energies. D0 and ZV are zero-phonon components 
(Sec. I l l Bl ) . The component Z V is apparently the 
extrinsic version of Ci, so that the appropriate value 
of hoi is 0.163±0.001 eV. The weaker extrinsic com­
ponent analogous to C\ is obscured by the very strong 
D\ component. The extrinsic components analogous to 
A\y A\ are masked by Bh B{'. The threshold values 
of Bh Bi, and Ah A\ together with the Bh Bx

f phonon 
energy, give the energy of the third phonon (0.087 eV). 
The three phonon energies derived from Fig. 1 are 
therefore, 

fooi=0.087±0.002eV, 

^ 2 = 0 . 1 4 1 ± 0 . 0 0 1 e V , (5) 

#co3=0.163±0.001 eV. 

Two of these energies (hooi and ho)2) are similar to 
previously reported values.2 The phonon /ku3 was then 
identified with a two-phonon-assisted transition involv­
ing fou2 and a phonon of energy ~0.022 eV selected in 
g-type intervalley scattering between valleys on the 
same (100) axes. This explanation is not consistent 
with the narrow width of the Z V component now 

18 D. G. Thomas, M. Gershenzon, and J. J. Hopfield, Phys. Rev. 
131, 2397 (1963). 

19 J. R. Haynes, Phys. Rev. Letters 4, 361 (1960). 

shown in Fig. 1. I t was previously favored because 
ti^2 should be a transverse optical (TO) phonon if the 
diamond and silicon emission spectra are similar as 
expected,15 and it was thought that the TO phonon 
branch was highest in energy for all KCT^KO.20 This 
difficulty no longer applies (Sec. I l l A2). 

The intensity ratio of components A\ and B\ is 
4 .8±0.5%, similar to the value reported from edge 
absorption,13 and quite close to the ratio for the TA 
(transverse acoustical) and TO components in silicon 
(-3.5%).1 4 Ci/Bx is 1 ± 0 . 3 % , whereas ZV/Z>i is 1.7 
± 0 . 5 % at 100°K. Ax'/Ai and Bi'/Bx are - 1 5 % at 
100°K. At 300°K the absorption results suggest that 
£ i ' / £ i = 6 0 % , 1 3 but the value calculated from the 
emission spectra, assuming a splitting of 7 meV, is 
—40%. I t is likely that the absorption value is errone­
ous due to experimental difficulties associated with the 
extra breadth of the individual components at 300°K. 

2. The Position of the Conduction-Band Minima 

Assuming that hoi and hu2 in Eq. (5) are the trans­
verse acoustical (TA) and TO phonons (by analogy 
with silicon for Kc located along (100) axes) it has 
been shown13 that the energies of the edge phonons 
cannot be reconciled with the lattice vibrational dis­
persion curves derived mainly from an analysis of the 
intrinsic two-phonon infrared absorption spectrum of 
diamond.20 However, recent measurements of the com­
plete dispersion curves for the (100) and (111) type 
symmetry axes from inelastic neutron scattering ex­
periments on a 243-carat type-IIa diamond,3 have 
provided a quite different set of dispersion curves 
(Fig. 5). (ho))ho> (#W)TO in Fig. 5 for all values of Kp 

except K p = 0 , in contrast to the spectra of germanium 
and silicon where (/zo>)To> (&O)LO for most values of 
Kp (LO = longitudinal optical, LA = longitudinal acous­
tical). The phonon energies of Eq. (5) are in good 
agreement with these neutron results if Kc is at 
(0.76±0.02)Kmax along the (100) type axes (Fig. 5). 
The LO branch derived from the neutron measure­
ments suggests that (fcj)Lo=0.160 eV at Kc, but the 
experimental point at K p =0 .8 Kmax and the experi­
mental value of hcoz [Eq. (5)] both suggest a slightly 
higher value. I t is clear that the present results sub­
stantiate the very flat (100) LO branch over the inner 
f of the reduced zone deduced from the neutron 
measurements. 

According to Fig. 5, ( M L A = 0.129 eV at K p = Kc, 
Thus the 100°K thresholds of intrinsic components 
involving the LA phonon should be at 5.280 and 5.287 
eV. These components should, therefore, occur between 
~ J and ^ | of the way up the high-energy tail of the 
Bh Bi components. No additional intrinsic compo­
nents have been detected in this region, which implies 
that the relative intensities of the LA components are 
probably even lower than for the LO components Ci 

20 J. R. Hardy and S. D. Smith, Phil. Mag. 6, 1163 (1961). 
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and C\. I t is fortunate that (ZKO)LO> (&O)TO at K p = Kc 

in diamond, so that the weak LO components emerge 
below the thresholds of the intense TO components. 
Neither the LO nor the LA phonon-assisted compo­
nents have been observed in the edge emission or ab­
sorption spectrum from silicon. 

The C\ components appear to rise less rapidly with 
hv than Ai or B\, especially when the effects of the 
tails of components B\, B{ are allowed for (compare 
A i and C\ in Fig. 1). This difference is difficult to assess 
quantitatively, but if real it may imply that the LO-
phonon assisted transition is forbidden, since a in Eq. 
(2) is then proportional to (hv~hv$)z!2. This transition 
is not forbidden by symmetry except for transitions 
via the K c = 0 intermediate conduction band state.21 

Although this intermediate state apparently predomi­
nates for the allowed TA and TO absorption compo­
nents,13 it is perhaps surprising that allowed transitions 
via other possible intermediate states do not predomi­
nate for the LO components. The required degree of 
forbiddenness for the absent LA component has not 
been adequately demonstrated from group-theoretical 
arguments, even when time-reversal is also considered.21 

The edge-emission spectrum of cubic silicon carbide, 
which is closely related to silicon and diamond in 
energy-band structure as well as chemically, contains 
extrinsic components due to the decay of 4D complexes 
at nitrogen donors.22 Four single-phonon assisted com­
ponents are observed corresponding to K p = Kmax(100). 
These components have approximately equal intensi­
ties, suggesting the absence of any appreciable phonon-
dependent selection rule. The conduction band is non-
degenerate at X, for silicon carbide (no inversion 
symmetry), as are the conduction-band minima of 
silicon and diamond at the Ai symmetry points. I t is 
possible that these differences may be due to differences 
in the relative positions of the important intermediate 
states in the conduction and valence bands of the three 
crystals. 

3. The Midtiphonon Region of the Intrinsic Spectrum 

One of the most striking features of the recombina­
tion spectrum in Fig. 1, is the presence and strength of 
the components A2j B2, and J53 associated with the 
simultaneous emission of two or three phonons. The 
intensity ratios B2/(Bi+Bi) and Bz/(Bi+Bi) are re­
spectively 14=fcl% and 2.4=b0.2%, and the intensity 
ratio A2/(Ai+Ai') is similar to B2/(Bi+Bi'). The 
multiple-phonon-assisted components are very broad. 
For example, the half width of B% is roughly twice 
that of Bi+Bi, and no internal structure can be re­
solved. This broadening is very large for component 
B4, which cannot be clearly separated from the ex-

21 M. Lax, in Proceedings of the International Conference on 
Semiconductor Physics, 1962 (Institute of Physics and the Physical 
Society, London, 1963), p. 395. 

22 W. J. Choyke, D. R. Hamilton, and L. Patrick, Phys. Rev. 
133, A1163 (1964). 
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FIG. 6. Edge-recombination-radiation spectra from a natural 
^-type semiconducting diamond at 80 °K showing the resolvable 
phonon-assisted intrinsic (Bi to JB4) and extrinsic (Di to DA) 
components. The upper spectrum was obtained using higher 
recording gain than that used for the lower spectrum. Resolution 
12 meV. 

trinsic component Z>4 (Fig. 6), although components 
Z>3 and B% are quite distinct. This is consistent with the 
possibility of a large variety in the individual wave 
vectors, and hence in the energies, of each of the 
phonons in the two- or threefold combinations. I t is 
likely that transitions assisted by two or more phonons 
with noncollinear wave vectors, which still satisfy Eq. 
(4), may make a significant contribution to these 
intrinsic components. 

The thresholds, hvo, for B2 and B% agree approxi­
mately with the relationship 

hvQ=EgX—(hQ))?o—n(hoo)n, (6) 

where n~ 1,2 and (&OJ)R is the Raman energy (0.165 eV). 
hvo for A2 is about 0.18 eV below (hvo)A, however, 
suggesting that the TA phonon is selected from near 
KmaX (100) for this limiting transition. ( ^ T A ^ O . I O eV 
at the (100) zone boundary. 

As expected from these conclusions, the intensity 
ratios B2/(Bi+Bi) and Bz/(Bi+Bi) are not consistent 
with the Poisson-type expression used for the corre­
sponding D components (Sec. I l l B4). Assuming from 
B2/(Bi+Bi') that 7=0.15 , then Eq. (12) predicts that 
i V C S i + £ i ' ) = 0.011, about 50% of the observed value. 

The principal intrinsic multiple-phonon-assisted re­
combination component from silicon also obeys Eq. 
(6) and contains about 8% of the single-phonon TO 
component intensity. Other multiple-phonon-assisted 
components are attributed to transitions involving 
intervalley scattering processes23 and represent indi­
vidually < 3 % of the TO component intensity. Figure 
5 shows that for diamond, the two-phonon-assisted 
transitions associated with the TO phonon and "g~type" 
intervalley scattering give hv0=5A8 eV. This compo­
nent would be obscured by D\r in Fig. 1, but there is 
no evidence for a suitable intrinsic component in 

23 W. P. Dumke, Phys. Rev. 118, 938 (1960). 
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involves an electron bound to an ionized acceptor by a 
hole-pair bond, and the pairing of the particles within 
these complexes is of importance.26 We shall describe 
this system as 4A since it contains 4 particles (counting 
the acceptor ion ^4). 

The components D0j Do are zero phonon and are 
quite narrow (half width -^2.5 meV at 75°K according 
to Fig. 4). They are displaced below the exciton energy 
gaps Egx and EgJ (Table 1) by 53 meV and 48 meV, 
which represent the binding energies E±x of the excitons 
to the neutral acceptor. This implies that the spin-orbit 
splitting for the bound exciton states is 5 meV greater 
than for the free excitons. Z>0, Do cannot be attributed 
to the decay of 3A states—i.e., excitons bound to 
ionized acceptors, since the transition energy would 
then be Eg—hvz, where 

5.4 5.3 5.2 5.1 S.O 
PHOTON ENERGY EV 

FIG. 7. Comparative edge-recombination-radiation spectra from 
a General Electric doped p-type semiconducting synthetic dia­
mond (resolution, 6 meV) and from a natural South African 
p-type semiconducting diamond (resolution, 3 meV). These 
specimens were selected for the highest available concentrations 
of uncompensated acceptor centers (see text). The notation is 
discussed in the text. Component E0 is attributed to the radiative 
recombination of electrons at neutral acceptor centers. 

spectra which do not contain the D system [Fig. 2 of 
Ref. 2] . For scattering between valleys on different 
axes, hvo^S.13 eV, and the component would be masked 
by B2 (Fig. 1). 

B. The Principal Extrinsic Edge Emission Components 
for p-type Semiconducting Diamond 

The peak energies used in the previous discussion2 of 
the extrinsic components shown in Fig. 1 are slightly 
erroneous. The interpretation will now be reviewed 
using the corrected energy values (Table I) , which 
enable a mutually consistent description to be given to 
the intrinsic and extrinsic components. 

1. Excitons Bound to Neutral Acceptors 

Because the D system of components has only been 
observed from natural and synthetic semiconducting 
diamonds, which are always p-type,24 it is natural to 
suggest that these sharp edge lines are due to a Lampert-
type complex25 involving excitons bound to neutral 
acceptor centers. This type of complex has been ob­
served in the luminescence of a number of group IV, 
I I I -V, and I I -VI crystals, and was initially recognized 
for silicon.19 I t has been shown that such a complex 

24 R. H. Wentorf, Jr. and H. P. Bovenkerk, J. Chem. Phys. 
36, 1987 (1962). 

2fi M. A. Lampert, Phys. Rev. Letters 1, 450 (1958). 

hvd=EA+E^0A3eV (7) 

since Ex<^0.08 eV. 
EA is the acceptor ionization energy and E% is the 

binding energy of an electron to the neutral acceptor. 
The only acceptor observed in both natural and syn­
thetic semiconducting diamond has EA = 0.36 eV, i.e., 
nearly 5X the value necessary to satisfy Eq. (7) since 
the temperature dependence of the D system shows 
that Ez^SQ meV. 

The identification of the D system with transitions 
at the l i b acceptor centers is strengthened by two 
recent observations. Measurements of the point-by-
point variations in the strength I A of the hole photo-
excitation spectrum of a polished rectangular block of 
type-lib natural diamond showed that I A was effec­
tively zero at one end. Tests with the electron beam 
showed that the edge-emission spectrum failed to 
contain the D system only for the region in which 
I A = 0. For about f of the length of the block, both I A 
and the intensity ratio D\/B were effectively constant. 
Tests on 9 natural l i b crystals and on 20 synthetic 
semiconducting specimens suggest that Di/Bi is largest 
when the concentration of neutral acceptor (2A) 
centers is greatest. The quantitative estimation of this 
correlation is made difficult by the considerable in-
homogeneity in most specimens, particularly the syn­
thetics, and the very small fraction of a given specimen 
which can be efficiently excited by the electron beam. 
The ratio of the maximum concentration of 2A centers 
in the available General Electric synthetic specimens 
to that in natural strongly type-lib diamonds was 
- 1 0 0 X (Sec. I l l C2), and Fig. 7 shows that the Dx/Bi 
ratio was also nearly 100X larger for these dark-blue 
synthetic crystals. 

The D emission components were significantly broader 
in spectra from strongly doped synthetic crystals, prob­
ably due to interactions between neighboring 2A cen­
ters. The corrected half width of D for crystal D1002/J / 

26 D. G. Thomas and J. J. Hopfield, Phys. Rev. 128, 2135 
(1962). 
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(Fig. 7) is — 14 meV, whereas for the relatively weakly 
doped natural diamonds SA65C (Fig. 7) and A100 
(Fig. 1) it is only ~ 8 meV. Broadening effects have 
also been observed in the infrared absorption spectra 
of the 2A centers in these synthetic diamonds. 

Edge emission could not be detected from effectively-
black doped synthetic diamonds, in which the concen­
tration of 2A centers was presumably >101 9 cm - 3 

(Sec. I l l C2). Impurity banding effects should be sig­
nificant within this concentration range. The integrated 
intensity of the edge emission was also considerably 
less for the deep-blue doped specimens. 

The 4A complex may dissociate in either of two ways; 

4 A - » 3 A + A - £ 4 , ( g ) 

4 A - > 2 A + x - £ 4 * , 

where x is an exciton, h a hole, and £ 4 is the binding 
energy of the second hole. Measurements of the in­
tensity ratio IDJIBI between ~ 8 0 ° K and ~300°K 
were analyzed according to the expression 

IDJIBX= 1 /D+cons t e x p ( - £ / / * r ) ] . (9) 

In the low-temperature region £ i = £ 4 x = 50 meV, but 
at temperatures >200°K, Ei was larger ^ 7 0 meV. I t 
is probable that the larger value is an artifact arising 
from the decrease in intensity of the whole spectrum 
which is especially noticeable above ~200°K. This 
decrease may be due to the decreasing ratio Ex/kr and 
the increasing effectiveness of trapping and recombina­
tion centers for free excitons and charge carriers. 

In any event these results show that E±>E$Xi as 
observed both for silicon carbide27 and for silicon,19 

presumably because of the pairing energy of the like 
particles (holes). This pairing energy should be espe­
cially large if the two holes come from the same band, 
which may explain why E*x for DQ is ~ 5 meV greater 
than for DQ'. In the absence of thermalization, ZV is 
> 2 X more intense than Z>0 (compare D{ and D\ in 
Fig. 8 for 245 °K), in contrast to the corresponding 
intrinsic components. The radiative decay of the 4A 
complex involving hole states from different valence 
bands is, therefore, > 2 X more probable for diamond, 
possibly because of the higher degeneracy of this com­
plex. For 6H silicon carbide the radiative decay of the 
nitrogen 4D complex involving hole states from the 
split-off valence band is ^ 8 X more probabLe than from 
the upper bands.28 

The energy ratio Eix/EA is —0.14 if £ ^ = 0.36 eV. 
Hopfield has shown how this ratio may vary with the 
ratio Me/nih of the electron and hole effective masses 
in the complex.29 I t may be appropriate for this purpose 
to express the "chemical shift" in EA through the 

27 D. R. Hamilton, W. J. Choyke, and L. Patrick, Phys. Rev. 
131, 127 (1963). 

28 W. J. Choyke and L. Patrick, Phys. Rev. 127, 1868 (1962). 
29 J. J. Hopfield, in Proceedings of the International Conference on 

Semiconductor Physics, 1964 (Dunod Cie., Paris, 1965), p. 725. 
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FIG. 8. Portions of the edge-recombination-radiation spectrum 
of a natural p-type semiconducting diamond (A100). The phonon-
assisted extrinsic components Di, ZV, and Z>2, ZV change shape 
between 80 and 140°K in accordance with the pairing D\—Z>2 
and D1—D2 in the series of Eq. (6). These shape changes are 
due to thermalization. The 225 and 245 °K spectra were obtained 
from a General Electric doped (^>-type) semiconducting diamond 
(D1002/E) and show that component ZV has the larger intensity 
in the absence of thermalization. Resolution 3 meV. 

effective mass. When £ 4 * / ^ = 0.14, rnjmh—1.9 and if 
the dielectric constant £ = 5 . 7 , W A = 0 . 8 7 mo for EA 
= 0.36 eV. Thus we—1.7m0, very much larger than the 
value (^0.2w0) deduced from Ex using the simple 
"hydrogen-like" formula.13 The discrepancy is partially 
due to the use of an excessively large nth (^3w 0 ) in 
the calculation from Ex. Additionally, the value of Ex 

calculated from the free carrier values of me and mn 
can be much greater than the observed value (20 meV, 
cf., 8 meV for silicon) due to the effects of the com­
plexities of the band structure on the electron-hole 
correlation energy. I t is, therefore, probable that a 
realistic value of me for diamond is >1.0wo. 

The intensity ratio (ZVr-A>')/(#i+ZV) is only 0.016 
±0.002. This ratio should be very sensitive to the 
magnitude of EA, since E±A is proportional to EA and 
the electron momentum (Eq. 4) for the zero-phonon 
interband transition is transmitted via the exciton-
impurity coupling and taken up by the recoil of the 
impurity ion. For exciton complexes in silicon this 
ratio is <0.05 for antimony (ED=0.043 eV) about 
1.0 for arsenic (Ztd= 0.053 eV) and about 4.0 for 
indium (£4=0.16 eV).30 The ratio is clearly especially 
sensitive to variations of ED or EA near to the effective 
mass value, and increases rapidly with increase in the 
chemical shift, as also observed for donors in germa­
nium.31 The very small magnitude of this intensity ratio 
for the diamond 4A complex therefore implies that 
the chemical shift of the 2A center is also very small. 
A similar conclusion is obtained from calculations of 
EA on the hydrogenic approximation, although the 
appropriate value of m% is somewhat uncertain and 
possibly specimen dependent (Sec. I l l CI). All that can 

30 J. R. Haynes (private communication). 
31 C. Benoit a la Guillaume and O. Parodi, in Proceedings of the 

International Conference on Semiconductor Physics, 1960 (Checho­
slovakian Academy of Sciences, Prague, 1961), p. 426. 
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FIG. 9. The edge recombination radiation spectrum from a 
General Electric p-type doped semiconducting diamond at 95 °K. 
Components E0 and E\ are attributed to the recombination of 
electrons at neutral aluminum acceptors. Components So and Si 
may involve the radiative decay of excitons bound to ionized 
boron acceptors. Resolution 3 meV (lower spectrum) and 12 meV 
(upper, high gain, spectrum). 

be said at present, is that the cyclotron resonance hole 
masses (0.7, 1.06, and 2.12 m0)

u and the results of 
some accurate Hall and conductivity measurements 
(Sec. I l l CI) do suggest that mh may be ~ 1 . 0 w 0 f o r 
some specimens, as required if EA = 0.36 eV, and the 
appropriate value of e is again ~ 5 . 7 . 

2. Excitons Bound to Ionized Acceptors 

Hopfield has shown from consideration of the energy 
represented by the localization of an electron at a 2A 
center that excitons will not form a stable 3A complex 
unless mJm^XAP For w e /w A ^1 .9 , the value of E% 
in Eq. (7) is predicted to be ~ 5 meV. Judging from 
the behavior of the 4A complex, measurements at 
r < 2 5 ° K would be required to observed luminescence 
due to the decay of these 3A states. The predicted 
transition energy is ~5.12 eV. As expected, no compo­
nent attributable to the decay of these 3A complexes 
has been observed in the present investigations, which 
were restricted to r > 7 5 ° K . 

Component So, observed in the emission spectra 
from boron-doped synthetic crystals, which also con­
tain appreciable concentrations of the acceptors re­
sponsible for the D system (Fig. 9), is probably due 
to the decay of excitons bound to ionized boron accep­
tors. This component will be discussed in a later paper. 

3. The Radiative Recombination of Free Electrons 
at Neutral Acceptor Centers 

As well as components So (Sec. I l l B2), the spectra 
of Fig. 9 contain two components EQ (at ~5.15 eV) 
and Ex (at -^4.98 eV) in addition to those discussed 
above in connection with Fig. 1. Components Eo and 

Ei have previously been observed in the edge-emission 
spectrum of a type-IIa specimen, which contained 
about 1016 cm - 3 of fully compensated acceptor centers 
[Fig. 2 of Ref. 2] . The E components are not intrinsic 
and do not belong to the D extrinsic system, although 
they are often strong for synthetic specimens when 
the D system is very strong. These synthetic specimens 
contain at equilibrium a large relative concentration of 
ionized 0.36-eV acceptor centers (Sec. I l l C2), in con­
trast to the natural l i b crystals in which the concentra­
tion of 2A centers is typically 5X that of the ionized 1A 
centers. 

A possible radiative recombination mechanism in­
volves the capture of free electrons by 2A centers. This 
process will be more favored relative to recombinations 
of bound 4A complexes for high values of the concen­
tration ratio of 1A to 2A centers, since the 1A centers 
will act as efficient hole traps and so reduce the con­
centration of free holes appreciably below the free 
electron concentration. The low-temperature carrier 
capture cross section of 2D and 2A centers in germa­
nium and silicon has been found to be determined by a 
radiative decayr mechanism,32 and both zero-phonon and 
phonon-assisted transitions are observed. These proc­
esses were first investigated by Haynes for silicon and 
were prominent in the 77°K spectra.33 More recent 
spectra at 25°K from arsenic-doped silicon apparently 
shows the simultaneous presence of zero-phonon and 
phonon-assisted 4D and 2D+A emission components.19 

The electrons should obey M.B. statistics in the con­
duction band. The low-energy threshold of the zero-
phonon emission component corresponding to the re­
combination of electrons at 2A centers is simply 

hv=Eg-EA (10) 

and is ~5.13 eV for the 0.36-eV acceptor if Ex=0.0S 
eV. The observed threshold energy of Eo is ^5.135 
±0.005 eV (Table I). The integrated intensity for E0 

is slightly greater than for the broad E component. 
This is consistent with recent observations for silicon 
at 30°K34 in which the intensity of the zero-phonon 
component for the recombination of electrons at neutral 
indium acceptors is -^20% larger than for the TO-
phonon-assisted transitions, although the zero-phonon 
component is negligible for recombinations at gallium 
acceptors. The relative intensity of these components 
is, therefore, a very sensitive function of the energy 
ratio EA/(hcx))Toc. For indium in silicon and aluminum 
in diamond, this ratio is ^ 2 . 7 , whereas for gallium in 
silicon it is only ^-1.2. 

The phonon energy given from the separation of Eo 
and Ei (Table I) is reasonably consistent with (^CO)R 

32 Y. E. Pokrovsky, in Proceedings of the Symposium on Radia­
tive Recombination, 1964 (Dunod Cie., Paris, 1965), p. 129. 

33 J. R. Haynes and W. C. Westphal, Phys. Rev. 101, 1676 
(1956). 

34 Y. E. Pokrovsky and K. I. Svistunova, Fiz. Tverd. Tela 5, 
1880 (1963) [English transl.: Soviet Phys.-Solid State 5, 1373 
(1964)]. 
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rather than (/&*>)TOC. Thus, Eq. (4) is apparently not 
obeyed for recombinations at this relatively deeply 
bound center, although it is for indium in silicon.34 

The relative half widths of E0 and Ex (2 to 3XkT) 
are considerably less than for the corresponding silicon 
components at 30°K (—5&r). Possibly 15 to 20 meV 
represents a natural half width for these transitions 
when E A / 0 W ) T O C ^ 2 . 7 . 

4. Multiple-Phonon-Assisted Decay 
of the 4 A Complexes 

The components Z>2, D$ in Fig. 1 and D4 in Fig. 6 are 
the extrinsic versions of the components B2y Bz, and 
Bi discussed in Sec. I l l A3. The peak energies of the 
components Z>i, D2, and D$ (Table I) are consistent 
with the equation 

hv= ( ^ ) D 0 I D 0 ' - ( M T O C - W ( M R - (11) 

For these bound exciton transitions, Eq. (4) is 
apparently completely satisfied by the TO phonon, and 
subsequent optical phonons are selected at K p = 0 . The 
shapes of D2 and Dz in Figs. 1 and 8 suggest that the 
two- and three-phonon-assisted transitions from ZV are 
considerably more probable than those from Do, al­
though the reverse is true for Do, ZV and D, D{ at 
< 100°K. The temperature dependence of the intensity 
ratios D2/D2 and D{'/D\ are mutually consistent be­
tween 80°K and 140°K, however (Fig. 8), supporting 
the obvious pairing of the bands. This temperature 
dependence derives from the thermalization of Do and 

ZV. 
I t is of interest to enquire whether the behavior of 

these phonon-assisted components is similar to that 
observed for the interbound state transitions of holes 
bound to the type-lib acceptor center of natural 
diamond.35 The intensity ratio for an w-phonon-
assisted component and a zero-phonon component is 
theoretically given by a Poisson-type expression36 

AE 71" 
/» / /o = , (12) 

AE+nhoo nf 

where AE is the electronic transition energy and 71 is 
a hole-phonon interaction parameter. 71 is inversely 
proportional to the volume occupied by the hole wave 
function, and is, therefore, much larger for the compact 
diamond acceptor center than for acceptor centers in 
silicon or germanium.36 The high-order phonon-assisted 
components are correspondingly very weak and are 
undetectable except for diamond. 

According to Eq. (11), the value of n in Eq. (12) 
should be one less than those given in Figs. 1 and 6. 
Table I I I shows the observed intensity ratios and those 
calculated from Eq. (12) assuming that 7i = 0.19 (from 

35 S. D. Smith and W. Taylor, Proc. Phys. Soc. (London) 79, 
1142 (1962). 

36 J. R. Hardy, Proc. Phys. Soc. (London) 78, 1154 (1962). 
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TABLE I I I . Analysis of the multiple-phonon-assisted 
extrinsic components. 

Calculated Calculated 
Intensity ratio Observed (yi =0.25 ±0.01) (71 =0.19 ±0.02) 

(Dt+Dtf/iDi+Di') 0.18 ±0.02 0.24 ±0.01 0.18 ±0.02 
(Ds-fDsO/C^i-f-Di') 0.038 ±0.004 0.029 ±0.002 0.017 ±0.004 
(Di+Di')/(Di+Di') 0.015±0.003 0.0024 ±0.0003 0.0010±0.0006 

the ratio of D2/D1) and also for 71 = 0.25, which was 
the value obtained from the infrared spectra.35 The 
experimental results are evidently not well described by 

e Eq. (12) for either value of 71. The observed ratios 
I Dn+i/Dn are not proportional to yi/n as expected, 
e but tend to increase with increase of n (0.18 for n= 1; 
t 0.21 for » = 2 and —0.4 for n=3). In fact, Fig. 6 shows 

that the w-dependencies of the D- and ^-component 
intensities are very similar in spite of the close agree-

) ment of Dh D2, and Dz with Eq. (11). Table I shows 
that Z>4 does not fit this series, however, and the relative 

4 intensity of this component is anomalously large 
(Table I I I ) . The increase of broadening between com-
ponents Bh D% and J54, £>4 is also anomalous (Fig. 6). 
I t is evident that both of these phonon-assisted com-

1 ponent series are considerably more complicated than 
t is suggested by Eq. (11). Possibly components Z>4 and 
v Bi of Fig. 6 are distorted by radiation due to transitions 
'_ not associated with the D and B series. 

e 5. Visible Emission Spectra from Natural 
i and Synthetic Semiconducting Diamond 

- The edge excited "visible" or "band-^4" luminescence 
of both natural and synthetic diamond has been at­
tributed to the "pair" radiative recombination of elec-

' trons bound to deep nitrogen donors (£i> = 4.0 eV) 
with holes bound to the acceptor of natural l i b diamond 
(EA = 0.36 eV).37 The emission band stretches from 

LS 

— 1.5 eV up to nearly 4.0 eV in type-I and inter­
mediate-type natural diamond, corresponding to donor-
acceptor recombinations at very diffuse pairs (—1.5 eV) 

!) through nearest-neighbor pairs (—3.0 eV) and finally 
at complexes containing more than one nitrogen donor 
center (up to —4.0 eV). 

The extensive complexes and nearest-neighbor simple 
y pairs are relatively rare for all types of semiconducting 
e diamond, so the "visible" luminescence spectrum is 

largely confined to quanta of energy ^ 3.2 eV (Fig. 10). 
The visible emission spectra of nominally undoped or 
nitrogen-doped General Electric synthetic diamond 

e peaks at about 2.1 eV, when corrected for the sensi-
^ tivity curve of the 513 photomultiplier cathode (Fig. 
/ 10), and corresponds to transitions at diffuse donor-

acceptor pairs. No edge luminescence can be detected 
for these specimens, presumably because the excess 
nitrogen donors act as efficient recombination centers 

j ? like the associated nitrogen platelets of type-I natural 
37 P. J. Dean, Phys. Rev. 139, A588 (1965). 
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PHOTON ENERGY EV 

FIG. 10. Visible (band A) recombination-radiation spectra 
from a General Electric doped semiconducting synthetic diamond 
showing very weak edge luminescence (curve B, specimen D 
1002/M) compared with that from a strongly edge-luminescent 
synthetic diamond (curve A, specimen D 1002/D). Curve B is 
also typical of the spectrum from nonedge-luminescent nitrogen-
excess General Electric synthetic diamond. Curve C shows the 
approximate spectral sensitivity of the S13-type photomultiplier 
cathode used to detect the luminescence. 

diamond.38 The capture of electrons by ionized nitrogen 
donors is apparently nonradiative, but the recombina­
tion of holes at the neutral donors may be radiative.37 

I t has been consistently observed that the visible 
luminescence spectrum obtained from the doped speci­
mens which show significant edge luminescence has a 
stronger high-energy tail than the spectrum from the 
insulating crystals (Fig. 10). This enhanced high-energy 
tail is often irregular and probably represents transi­
tions at relatively associated donor-acceptor pairs which 
just fail to be resolved into discrete bands.39 Because 
of the strong associative tendency of donors and ac­
ceptors in diamond,37 interactions between individual 
donor-acceptor pairs and other donor and acceptor 
centers are apparently significant even in synthetic 
diamond. These interactions will modify the transition 
energy of each set of donor-acceptor pairs with given 
internal spacing in a variable way, and are thereby 
responsible for the blurring of the discrete pair emission 
bands. The enhanced high-energy tail in the pair spec­
trum suggests that the concentration of diffuse neutral 
nitrogen donors is relatively low, as expected for the 
^-type semiconducting specimens which show the edge 
luminescence. 

The visible spectrum from an aluminum-doped syn­
thetic diamond contains two peaks at about 2.3 and 
2.8 eV (Fig. 11). The intensity ratio of the 2.8- and 
2.3-eV peaks increases with increase in the excitation 
density (electron beam current at constant accelerating 
voltage) as expected since the transitions at very close 
pairs (2.8 eV) have a short decay time compared with 
transitions at relatively diffuse pairs (2.3 eV),37 and 
are therefore more difficult to saturate. 

38 F. C. Champion, Proc. Phys. Soc. (London) B65, 465 (1952). 
39 D. G. Thomas, M. Gershenzon, and F. A. Trumbore, Phys. 

Rev. 133, A269 (1964). 

The significant feature of Fig. 11 is the appearance 
of the 2.3-eV component under electron beam excita­
tion. This component is absent in the corresponding 
spectra from natural type-lib diamonds and can only 
be detected under the much lower carrier excitation 
densities (~101 5 cm™3 sec-1) produced by a beam of 
45-keV x rays.37 This suggests that the concentration 
of relatively diffuse donor-acceptor pairs in the syn­
thetic crystal is very much greater than for the natural 
l i b crystals, which implies that relatively few of the 
acceptors centers will be neutral in the unexcited 
crystal. This conclusion is supported by the results 
discussed in Sec. I l l C2, which suggest that the con­
centration of compensated acceptor centers available 
as partners in diffuse donor-acceptor pairs in this 
specimen may be nearly 104X larger than for a typical 
natural type-lib diamond. 

The radiation responsible for the relatively sharp 
emission line at 2.14 eV, together with associated 
phonon-assisted components at lower energies, was 
observed visually to originate mainly within a well-
defined plane running through the specimen. Examina­
tion under the optical microscope showed that this 
plane contains a large number of dark inclusions, and 
is probably a (111) twin boundary (Sec. I l l C2). 

C. The Nature of the Common Acceptor Center 
in Semiconducting Diamond 

We have described in Sec. I l l B the detailed proper­
ties of some extrinsic recombination components which 
are characteristic of edge luminescence for all the type-
l i b natural diamonds so far examined, and also for 
many General Electric semiconducting synthetic crys­
tals. These components have been identified with the 
recombination of excitons bound to the neutral accep­
tor center which is a characteristic feature of this type 
of crystal. The results of experiments designed to 
establish the chemical nature of this acceptor center 
will now be discussed. 

! <X 
S AL-DOPED G.E. SYNTHETIC CRYSTAL 
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FIG. 11. Visible (band A) recombination radiation spectra 
from an aluminum-doped General Electric p-type semiconducting 
synthetic diamond. The relative intensity of the high energy 
(2.8 eV) broad component increases relative to that of the low 
energy (2.3 eV) component as the excitation intensity is increased. 
The sharp peak near 2.1 eV and the lower energy phonon-assisted 
components represent luminescence which originates in a well-
defined plane running through the specimen, and constitute a 
well-known luminescence system in natural diamond. 
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1. Quantitative Correlation between the Acceptor and 
Aluminum Concentrations in Natural 

Semiconducting Diamond 

Electrical40 and optical-absorption35 measurements on 
^-type natural semiconducting diamond are consistent 
with the view that these properties are dominated by 
the effects of one definite invariant type of acceptor 
center of activation energy ^0 .36 eV. Thermolumines-
cence measurements suggest the presence of a weak 
component with activation energy ^0 .21 eV.41 Studies 
of the edge-excited luminescence of natural l i b crys­
tals37 suggest that the 0.21-eV center can be identified 
with the fraction of the 0.36-eV acceptor concentration 
whose properties are modified by the presence of 
c/oytf-neighboring ionized donor centers (Sec. I l l B4) 
and which are observed as compensated (permanently 
ionized) acceptors in the electrical measurements. If 
the acceptor center is due to an impurity atom which 
can be identified and estimated chemically, it should 
therefore be possible to establish a quantitative correla­
tion between the impurity concentration and the total 
concentration of acceptor centers (neutral+ionized) 
estimated from Hall effect measurements. Qualitative 
studies using slow neutron activation analysis, sug­
gested that aluminum was a plausible candidate. Quan­
titative tests of the possible correlation were therefore 
made using the experimental techniques described in 
Sees. I I B and I I C . 

Only three specimens were available for the initial 
investigation. The results of the electrical transport 
measurements on specimen A100, which was the speci­
men used in the earlier measurements of Austin and 
Wolfe42 are shown in Fig. 12. This specimen was known 
to have relatively homogeneous electrical and 2A-state 
optical properties. The temperature dependence of the 
hole Hall mobility HH was found to be smoother than 
previously reported, but the magnitude at 290°K 
(1550±150 cm2 V - 1 sec-1) is consistent with the earlier 
measurement. Near 290°K the mobility obeys a T~l-b 

law probably determined by acoustical phonon scatter­
ing. Above ~400°K the variation is proportional to 
T~z apparently because of the dominant effect of op­
tical-mode carrier scattering in this temperature range. 

The magnitudes of the acceptor and donor concen­
trations, NA and ND, were obtained from the tempera­
ture dependence of the free-hole concentration P using 
a graphical method.43 The results were checked using 
a trial-and-error substitution method in the equation 
for the temperature dependence of P for a partially 
compensated semiconductor. 

P(P+ND)/(NA-ND-P)-- ••[27rmhkT/h2J/2 

Xtxp(-EA/kT). (13) 

40 P. T. Wedepohl, Proc. Phys. Soc. (London) B70, 177 (1957). 
41 A. Halperin and J. Nahum, J. Phys. Chem. Solids 18, 297 

(1961). 
4 2 1 . G. Austin and R. Wolfe, Proc. Phys. Soc. (London) B69, 

329 (1956). 
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FIG. 12. Electrical transport measurements on a natural l i b 
diamond A100; log hole concentration and log resistivity versus 
reciprocal temperature, log mobilities versus log temperature. The 
dashed lines on the hole concentration graph are used in the 
graphical analysis for NA and ND, see Ref. 45. 

For the substitution method, the value of NA~ND 
was estimated from an extrapolation of the high-
temperature region of the curves of ln(P) versus T~x. 
EA was obtained from a plot of k(\nP— § ln2") versus 
J - 1 in the low temperature range. Values of mn in­
creasing by 0.1 wo between 0.1 mo and 2.0mo were then 
substituted into Eq. (13) and the equation was solved 
by computer for a temperature-independent value of 
ND- The results of the two methods of analysis showed 
good agreement. No significant variation of mh with 
temperature was obtained, but the accuracy in this 
parameter was not high ( ± 2 0 % ) . 

The errors in the final values of NA and ND have 
both theoretical and experimental origins. The maxi­
mum error in each experimental value of the Hall 
coefficient RH and resistivity p was ± 5 % . The values 
of P were determined from RH according to 

RH=(3v/8)(l/Pe). (14) 

The Hall factor 37r/8 is justified for nondegenerate 
carriers in a single spherical band for which scattering 
by long-wavelength acoustical phonons is predominant. 



A 366 D E A N , L I G H T O W L E R S , A N D W I G H T 

TABLE IV. Results of Hall-effect and electrical-conductivity measurements. 

Specimen 

,4100 
E3 
E4 
A100 
(Austin and 

Wolfe) 

EA€V 

0.369±0.007 
0.365±0.007 
0.374±0.007 

0.38 

NAXIW* 
cm"3 

3.2±0.3 
7.1±0.7 
3.3db0.3 

2.2 

.VDXIO 1 6 

cm"3 

0.56±0.12 
0.3 ±0.06 
0.11=fc0.02 

0.2 

M* (290°K) 
cm2 V - 1 sec-1 

1550±150 
1550±150 
800±80 

1550=bl50 

mh/m0 

1.1±0.2 
l.ldb0.2 
0.4±0.1 

1.0 
(assumed) 

The valence-band maximum in diamond is effectively 
triply degenerate for electrical measurements at T 
>100°K, and Fig. 12 shows that the dominant scatter­
ing mode is temperature-sensitive. An accurate esti­
mate of the appropriate temperature-dependent Hall 
factor in Eq. (14) must await more detailed experi­
mental work, for example, on the temperature depend­
ence of the ratio of the Hall and drift hole mobilities. 
Since the variation of this mobility ratio with magnetic-
field strength is similar for diamond4445 and silicon,46 

we are probably justified, at present, in the assumption 
that the departure of the Hall factor from 37r/8 does 
not exceed 30% at any temperature. 

The results of the electrical measurements are listed 
in Table IV. The quoted accuracies of X A and XD 

do not include the effects of possible deviations from 
Eqs. (13) and (14), but the graphical method used to 
find X A and XD does not depend on the right-hand-side 
of Eq. (13) in which theoretical uncertainties may 
occur.47 

Specimen E4, which exhibits low values of /x/t and 
nth and a less smooth variation of /*# with T than 
shown in Fig. 12, was known to possess severe macro­
scopic internal strain inhomogeneities.48 It is now be­
lieved that the associated luminescence and birefrin­
gence inhomogeneities in this diamond are due to the 
presence of a (111) twin boundary running diagonally 
through the block. The values of EA, fin, and nth for 
specimens A100 and E3, which do not show this type 
of large-scale strain inhomogeneity, are mutually 
consistent. 

The hole masses for A100 and E3 are considerably 
larger than those obtained in earlier measurements 
[(0.4d=0.2)wo40] and appear to be more consistent with 
the 4°K cyclotron resonance masses for the three 
valence bands (Sec. I l l Bl) . I t has been claimed that 
a value as low as O.Snto may be obtained theoretically,49 

using the 4°K band parameters and assuming that the 
relaxation time for carriers in the light mass band 

43 P. A. Lee, Brit. J. Appl. Phys. 8, 340 (1957). 
44 A. C. Beer, J. Phys. Chem. Solids 8, 507 (1959). 
45 R. T. Bate and R. K. Willardson, Proc. Phys. Soc. (London) 

74, 363 (1959). 
46 A. C. Beer, Solid State Phys. Suppl. 4 (1963). 
47 E. H. Putley, Proc. Phys. Soc. (London) 72, 917 (1958). 
48 P. J. Dean and J. C. Male, Brit. J. Appl. Phys. 15, 101 

(1964). 
49 P. E. Clegg and E. W. J. Mitchell, Proc. Phys. Soc. (London) 

84, 31 (1964). 

(m* = 0.70ra0 at 4°K) greatly exceeds the values for the 
other two bands at the temperatures of Fig. 12. These 
scattering times are approximately constant when 
impurity-scattering predominates for example, at 4°K.16 

The effective-mass estimates of Table IV were obtained 
at temperatures appropriate for lattice scattering, how­
ever (Fig. 12). 

The results of Table IV are in good agreement with 
recent independent accurate measurements on three 
other type-lib diamonds,50 although a slightly lower 
value of EA (0.35 eV) was found. These authors also 
used Lee's method of analysis43 of the Hall data, with 
a Hall factor of 37r/ 8. It is suggested that the low 
values of the effective mass obtained by previous 
workers40 might be due to the use of a low value of the 
acceptor-state degeneracy parameter. In the present 
work this parameter was assumed to be 2 [in the right-
hand denominator of Eq. (13)] in agreement with 
Wedepohl,40 so that this possibility cannot explain the 
larger values of nth in Table IV. The present authors 
feel that low values of nth may arise from the presence 
of twin planes as discussed above for specimen E4, 
and possibly other types of large-scale crystal defects 
which can disturb the Hall-effect distribution within 
the sample and also affect the carrier scattering process. 
Low-order polysynthetic twinning on (111) planes ap­
parently usually produces disturbances in magneto-
resistance measurements on l i b diamonds50 of magni­
tude sufficient to obscure any effects due to the possible 
anisotropics in the structure of the valence bands of 
the perfect diamond lattice. 

The values of XA taken from Table IV and converted 
to the equivalent weights of aluminum in the blocks 
agree quite well with the weights measured by neutron 
activation analysis (Table V) for specimens A100 and 
E4, but the calculated value is significantly larger than 
the directly measured quantity for E3. 

Electrical tests on E3 had suggested that the ac­
ceptor centers were not uniformly distributed as as­
sumed in Table IV, but were concentrated in a layer 
adjacent to the large face of the rectangular parallele­
piped around which the electrical contacts were es­
tablished. Measurements of the intensity of the inte-

60 G. R. Leef, D. C. Seeley, and H. G. Nordlin, final report of 
work performed at the International Telephone and Telegraph 
Laboratories under U. S. Air Force Contract No. AF 19(628)-225, 
1964 (unpublished). 
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grated infrared absorption of the blocks supported this 
view. At 80°K the integrated absorption of the acceptor 
photoexcitation spectrum is proportional to XA— XD, 
since P can be neglected (Fig. 12). The intensity 
ratios of the acceptor absorption band at 0.347 eV 
were 1.44 (E3/A100) and 1.04 (E4/A100), whereas the 
corresponding ratios of (A7^—Anelectrical were 2.6 and 
1.2. 

The results of Table V can therefore be advanced as 
reasonable proof that the acceptor centers are due to 
aluminum impurities which are mainly in dispersed 
subsitutional lattice sites, and not clustered together. 
This is consistent with x-ray topographs of natural 
l i b diamond, which show that although high concen­
trations of dislocations are present, the dislocations are 
apparently undecorated.51 

These measurements are, at present, being extended 
to other specimens using improved techniques of elec­
trical measurements. The crystals are being surveyed 
optically, and only those which exhibit relatively 
homogeneous values of (A^—- XD) and freedom from 
the effects described in Ref. (48) will be used in the 
later correlation tests. I t is also hoped to obtain more 
accurate data on nth and \XH and their temperature 
variations. 

Z. Qualitative Evidence from Some General Electric 
Doped Synthetic Diamonds 

Detailed optical-absorption and edge-luminescence 
studies have been made on one aluminum-doped and 
a selection of about 20 nominally boron-doped General 
Electric synthetic diamonds. The infrared optical-
absorption measurements will be discussed in detail in 
a subsequent paper. Neutron activation analysis showed 
that all of these specimens contain between 1 and 2 
X1019 cm~3 aluminum atoms. The aluminum concen­
tration is independent of the color of the visible light 
transmitted by the boron-doped specimens, which were 
tested in three color-sorted batches (2 mg, pale yellow; 
5 mg, pale blue; 30 mg, dark blue). 

The relatively large (—350/ug) aluminum-doped 
specimen showed the steel-blue color characteristic of 
natural l i b diamond. Neutron analysis showed that 
(apart from aluminum and nitrogen) this synthetic 
diamond possessed the good chemical purity also found 
for natural l i b crystals. The 295 °K conductivity, the 
strength of the infrared absorption spectrum, and the 
ratio of the D and B components in the edge lumines­
cence spectrum were all consistent with a value of 
XA—XD similar to that found in natural diamond 
(^5X10 1 6 cm - 3). Thus if most of the aluminum atoms 
occupy substitutional sites without appreciable cluster­
ing, more than 99% of the available acceptor centers 
must be compensated by deep nitrogen donors. This 

51 E. R. Czerlinsky, A. D. Johnson, and G. H. Schwuttke, in 
Proceedings of the International Conference on Diamonds in In­
dustry, 1962 (Industrial Distributors, London, 1962), p. 265. 
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TABLE V. Correlation test of l i b acceptor 
concentration with aluminum content. 

Experimental Al 
Equivalent Al Xl0~9g 

NA X1016 cm"3 X 10~9 g (Activation 
Specimen (Electrical) (Electrical) analysis) 

______ 

A100 3.2±0.3 9.8±0.9 11.4±2.0 
12.7±2.3 

E3 7.1__0.7 8.1__0.8 2.6__0.9 
2.8db0.9 

E4 3.3±0.3 7.0r_0.7 9.3__1.7 
11.0_r2.0 

particular crystal is twinned and has shown excep­
tionally strong anomalous x-ray diffraction spikes52 

which suggest the presence of associated defect struc­
tures on (111) planes, unlike the associated nitrogen 
(100) platelets characteristic of type-I diamond.6 These 
defects may or may not be due to the aluminum. The 
visible emission from the aluminum doped synthetic 
crystal was not as intense as would be expected if the 
electrically inactive aluminum was all present in un-
associated substitutional sites and compensated by 
nitrogen donors. 

The infrared absorption measurements on the "boron-
doped" diamonds show that the nearly water-white 
crystals contain values of {XA—XD) for the aluminum 
acceptor between 1 and 10X those of natural l i b 
diamonds. The same ratio for the pale-blue specimens 
is ^ 2 0 to 30, and is >100 in the dark-blue synthetic 
diamonds. These crystals were ~ 0 . 1 to 0.2 mm thick. 
Some of the specimens were completely opaque in the 
visible and infrared (up to at least 15 pi) and no edge 
luminescence could be detected. The edge luminescence 
of the dark-blue specimens was very weak, but it could 
be seen that the intensity ratio of the D and B com­
ponents was nearly 100X that observed for the natural 
l i b crystals under the same conditions (Fig. 7). The 
exceptionally intense green luminescence exhibited by 
the blue crystals, characteristic of transitions at diffuse 
donor-acceptor pairs (Sec. I l l B4), suggests that the 
variation of XA~XD among the crystals may be 
mainly due to variations of XD, and that the majority 
of the essentially specimen-independent aluminum con­
centration is incorporated in the substitutional unas-
sociated form. 

The view that the dominant acceptor center in these 
synthetic diamonds is the same as in natural l i b 
crystals is also supported by four-terminal electrical 
conductivity measurements made on the aluminum-
doped specimen between 220 and 320°K, which gave 
£ ^ = 0.35±0.01 eV. This result is consistent with the 
values in Sec. I l l CI, and with the value previously 
reported for aluminum-doped synthetic diamond.24 The 
absorption bands at 0.305, 0.348, 0.364, 0.462, and 

62 H. O. A. Meyer and H. J. Milledge, Nature, 199, 167 (1963). 



A 368 D E A N , L I G H T O W L E R S , A N D W I G H T 

0.508 eV, which are characteristic of the photoexcita-
tion spectra of natural l i b diamonds, have been re­
solved in the infrared spectra of these aluminum and 
boron-doped synthetic diamonds. 

No evidence has been found of a photoexcitation 
spectrum attributable to boron, so that any incorpo­
rated boron acceptors must be completely ionized as 
suggested by the edge-luminescence spectra (Sec. I l l B2). 
I t is to be expected that the boron acceptors 
(EA^0.2 V)24 will be fully ionized in crystals which 
also contain a high concentration of predominantly 
ionized aluminum acceptors (E^ = 0.36 eV). 

IV. CONCLUSIONS 

The intrinsic components of the edge-emission spectra 
of diamond are due to the annihilation of indirect 
excitons involving hole states from each of the two 
maxima in the valence band. Components involving 
the emission of three of the four possible phonons 
have been resolved. The energies of two of these phonons 
can be obtained with greater accuracy from extrinsic 
emission components which are due to the decay of 
excitons bound to neutral acceptor centers. The phonon 
energies are consistent with the new lattice-vibrational 
dispersion curves of diamond, so that the position of the 
conduction-band minima has now been accurately 
located. 

Only those extrinsic components attributable to tran­
sitions involving the well-known acceptor center of 
natural semiconducting diamond have been considered 
in detail. Emission components involving the zero-
phonon and phonon-assisted decay of excitons bound 
to this (neutral) acceptor center and also the capture 
of free electrons by the neutral center have been 
analyzed in detail. The extrinsic components yield in­
formation which is consistent with that obtained from 

the intrinsic components and with the behavior of 
similar complexes in silicon. 

Comparison of the edge-emission spectra, infrared 
absorption spectra, the electrical transport properties, 
and radiochemical analyses of natural and some Gen­
eral Electric semiconducting diamonds has shown that 
this acceptor center is due to isolated substitutional 
aluminum atoms. The concentration of neutral alumi­
num acceptors may be much higher (>100X) in syn­
thetic diamond than has ever been observed in natural 
diamond. There is a tendency towards heavy compensa­
tion, especially for the synthetic specimens. The visible 
luminescence spectra suggest that much of the com­
pensation is due to deeply bound donor centers, which 
are thought to be due to nonassociated substitutional 
nitrogen. 
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