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Thermally stimulated luminescence and conductivity in beacon-doped diamonds
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Thermally stimulated luminescence and conductivity measurements have been performed in natural and
synthetic semiconducting diamonds, in the temperature range 12-350 K, after excitation, near liquid-helium
or liquid-nitrogen temperatures, with uv light, x-ray, 150-keV, and 0;5-MeV electrons. The glow curves
observed in synthetic diamonds are similar to the glow curves obtained previously in natural diamonds. Two
of the peaks which are reported have only been previously observed in types-I and -IIa diamonds.
Conductivity measurements exhibit stages at 160, 230, and 340 K which correlate with thermoluminescence
peaks. An additional stage at 50 K is observed after 0.5-MeV electron irradiation. The concentrations of.the
traps in these different stages have been deduced. The stage at 50 K is shown to be associated with a donor
level situated at 0.02 eV below the conduction band.

I. INTRODUCTION

In the course of an investigation of the defects
created by electron irradiation at low temperature
in semiconducting diamonds using conductivity
measurements, it appeared that carriers were
thermally released from traps during the anneal-
ing process in the temperature range 12-250 K.
This is illustrated in Fig. 1: several stages which
are present after high-energy (0.5-MeV) electron
irradiation are also observed after x-ray irradia-
tion. [uv illumination or low-energy (150-keV) elec-
tron irradiation produce similar effects to x-ray
irradiation). Because diamond is covalent, x-ray
irradiation or uv illumination cannot create-de-
fects, but only induce electronic transitions be-
tween existing localized levels and the bands. As
a result, the stages observed after such excitations
can only be ascribed to thermally activated transi-
tions of carriers from localized levels to the band
in which the conductivity takes place. The only
stages ascribable to the annealing of defects are
those which are present after high-energy electron
irradiation and which cannot be found anymore
after the sample has been warmed up and excited
again with uv light or x rays.

In order to study the defects created by high-en-
ergy electron irradiation using conductivity mea-
surements it therefore appeared necessary to es-
tablish first the possible effect of these traps on
the conductivity. We then investigated the presence
of deep traps present in synthetic semiconducting
diamonds using thermoluminescence and attempted
to correlate the thermoluminescence measure-
ments with conductivity measurements. We also
compared these results with the results obtained
on natural semiconducting (type-Ilb) diamonds in
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FIG. 1. Variations of conductivity at 12 K during
isochronal warm-up (20 K&10 min ~) following 20-keV
x-ray irradiation (curve 1) and 500-keV electron irradia-
tion (curve 2) performed around 20 K (sample GE48).

order to see if the traps are similar in synthetic
and natural stones. We also studied the introduc-
tion of new traps by high-energy electron irradia-
tion. The variations of conductivity are used to es-
timate the concentrations of the traps.

Section II is devoted to the experimental setup.
Because the problems encountered during conduc-
tivity measurements, and because the experimen-
tal setup used for conductivity measurement and
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irradiation are described elsewhere, ' ' only the ex-
perimental setup used for thermoluminescence 'and

the method for the estimation of the trap concen-
trations are described here. The results concern-
ing ooth thermoluminescence and conductivity mea-
surements are described in Sec. III. Because the
apparatus used for the thermoluminescence studies
is not adapted for electron irradiation, only
conductivity measurements have been performed
after irradiation around helium temperature. In
Sec. IV these results are analyzed and discussed
in terms of the model for the thermoluminescence
proposed in the literature.

II. EXPERIMENTAL SET UP

A. Samples

The diamonds used in this study are synthetic
stones (B190, GE47, GE48, GE4A, GE5A), doped
with boron, grown by General Electric, and one .

natural type-Ilb stone (DB2B) furnished by De
Beers. The natural stone. is a cube of 2 ~ 2 & 2 mm'
of resistivity 5 & 10' 0 at room temperature; its
resistivity at low temperature is too high to be
measured, so it can be used only for luminescence
studies, for comparison with the synthetic stones.
The concentration of boron impurities N„in the
synthetic stones, as well as the concentration ND
of compensating centers, has been evaluated'
using resistivity and optical absorption, the latter
being more reliable. ' 'The results are given in
Table I. The evaluation of the concentration of
traps has been determined in samples QE48 and

9190 using, the values of N~ and ND obtained from
optical measurements.

B. Evaluation of the.trap concentration

I,ow concentrations of traps in semiconducting
diamonds can be detected using conductivity mea-
surements at low temperature. Conductivity in
synthetic semiconducting diamonds, sufficiently
doped with boron, occUrs. through a variable range
hopping mechanism4 below approximately 150 K.
The variation of conductivi. ty, from an initial value
o,. to a value o, due to a variation &N~ in the con-
centration of compensating centers (which occurs
when traps release their carriers by thermal ex-
citation), can be calculated' from

lno'= lno'; —P b No,

where P is a term depending upon both the doping
(boron) concentration N„and the concentration ND
of the compensating centers; in the samples (B190
and GE48) in which 4Ão has been evaluated, the
compensationÃ=NojN„, is larger than 0.5 and the.
expression of P is then'

P =0.88(&3''/2uxr)"'N"'(N„-N, )-"', (2)
t

where X is the 4lielectric constant, e the electronic
charge, p ' a, length characterizing the extension.
in space of the wave function of the hole bound on
boron .impurities; n ' is' about 2 & 10 ' cm. 'The
values of ~N~ calculated this way are only. approx-
imate since N~, N~, and n are not known accurate-
ly.

TABLE I. Concentrations (cIn ) of boron (Nz) and of compensating centers '(ND) in the
synthetic stones studied.

Sample 'Method of determination'

8190

GE47

GE48
GE4A
GE5A

1.3 x 10~'

1.5x 10
1.2 x 10"
3.6 x 10~7

1.7 x 10"
2.o x 1o"
9.p x ].0~6

1.0 x 1p~'

1.2 x 10~8

5.0 x 10~6

2.4 x 10~7

1.6 x 1018
'

6.0 x10"
2.0 x 10'4

3.0 x 10"
2.5x 10~7

7.Ox 1o"
1.2 x 10~~

6.5 x 1.0~~

2.O x 1O"
9.p x 10&6

'

77
83

44

96
0;3"
0.2

Resistivity,
Absorption .

Resistivity
Absorption
Abs'orption

- Resistivity
Res i:stiv'ity

~ In the method of determination called "resistivity" Nz, and N~ are determined (Ref; 4) ..
„

graphically from the resistivity p-vs-temperature T curve taking for the mobility t-„-xperi-
mental results obtained on similar samples. In the ". .abso~tion" method N~ and ND are ob-
tained (Ref. 4) from the magnitude of the optical absorption at 0.348 ev and from the resi's-
tivity at room temperature. The difference in the results obtained by these two methods
comes from the fact that p(T) has to be studied at very high temperatures (above '1000-'C)',
temperatures at which defects —associated with N~ —annealed; ' The- best' values to-'consider
are- those given by the absorption'method because the- experiments performed in this: paper, .-;

as well as the absorption measurements, have been done prior to the study of p(T), i.e.,
prior to any high-temperature annealing.
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C. Thermoluminescence measurements

The sample is held by tungsten wires in a vac-
uum chamber equipped with a quartz window on a
holder which can be cooled to liquid-nitrogen tem-
perature. This holder contains a heater which al-
lows linear variations of temperature with time
(within 10%) between 80 and 360 K. Temperature
rates vary from 0.5 to 15 Kmin '. These rates
are similar to the rates used in conductivity mea-
surements (2 K min ')', but different from the rates
usually taken by other authors. These rates are
imposed by the experiments we used. Behind the
window are a diaphragm, a filter, and a cooled
photomultiplier (RCA C31034) whose response is
nearly constant between 2000 and 9000 A. The
transmission of the filters used are in the blue
(3800-4800 A), green (5000-5600 A), and red
(5800-9000 A). The sample is excited by uv light
(4.88 eV), through the quartz window, or by elec-
trons emitted by field effect, from a needle raised
to a voltage of about 10 kV;. the intensity of the
current (on the order of 1 pA) is adjusted by vary-
ing the voltage applied on the needle.

synthetic stones, with the exception of peak g
(probably masked by peak d ) and of peak h. The
glow curves obtained with spectral filters, for
synthetic and natural stones, show that peaks c, d,
and e lie in the blue range, the others in the red
range (Table II).

We have determined the depth E~ of the traps
which give rise to the best defined luminescence
peaks. Since the value of Ez depends strongly upon
the method of determination used, in order to be
able to compare the present results with those pre-
viously published by Halperin et al. ,' we deter-
mined E~ using their method, i.e., we calculate

Er = 1.72kT2(l —2.586)jv'

from the peak temperature T, the temperature at
half intensity on the low-temperature side of the
peak T„and from v =T~ —T,. The correcting fac-
tor 4 is given by 6=2kT/Er. This formula as-
sumes a first-order process with carrier recom-
bination occuring through the conduction or valence
band; it therefore applies to the model proposed
for the thermoluminescence mechanism (see Sec.
IV).

D. Irradiation

Electron irradiations have been performed at 12

K, only in the case of resistivity measurements,
with a 3-MeV Van de Graaff. 500 keV was used to
create defects and 150 keV to excite the trips while
creating a negligible concentration of defects (the
threshold energy for atomic displacement corre-
sponds to an energy of about 150 keV. )'

III. EXPERIMENTAL RESULTS

A. Thermoluminescence measurements

The glom curves observed in all the samples are
qualitatively similar. The difference between
curves of different samples comes mostly from
the relative heights of the peaks; besides, depen-
ding upon the time during which the excitation is
applied or depending upon the mode of excitation
(uv illumination or field effect) some peaks can ap-
pear or be masked by others. Typically, with uv
excitation, peaks are present (Fig. 2) around 105
K [(a),weak], 140 K [(5),weak], 210 K (c), a,nd 265
K (d) for a heating rate of 0.15 K sec '. With field-
effect excitation (Fig. 2) new peaks appear at 160
(e) and 320K (f). The temperatures of the different
peaks observed in all the samples are given in
Table II. The results obtained with the natural
stone are given for comparison; there are two
prominent peaks (Fig. 3) around 250 (g) and 265 K

(d), and three weak peaks around 105 (a), 320 ( f ),
and 415 K (h), which are the peaks found in the

B. Conductivity measurements

100- GE 47 (u. v. litaht)

GE 4A (u.v. light)

GE 4 A (cathode}
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FIG. 2. Thermoluminescence spectra of samples
GE4A and GK47 excited at 77 K by uv light and by field
effect.

Excitation has been performed at 12 K with uv

light, 20-keVx-ray, or 150-keV electron irradia-
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TABLE II ~ Temperatures of the peaks, spectral response, and associated activation energies
(Ez) (excitation: uv, light; e, field effect).

Temperature
(K)

GE4A
uv 8

GE47'
Uv e

Bi90
uv e

DB2B
uv e

Spectral
response {eV)

i05
(a)
i40
(s)
i60
(e)
2i0
(c)
250
(g)
265
(d)
320
(f)
4i5
(a)

X X X X

c c

c c c c

X X Red .

Red

Blue

Blue

Red

Blue

Red

Red

0.09

0.2

0.20-0.24

0.37 + 0.2

0.38

-0.8

~ Synthetic stones.
"Natural stone.
'The two peaks c and d are mixed up.

l00-

u. v. li ght

cathode

tions at 12 K. The measurements are taken 5 min
after the excitation has been stopped, a time after
which conductivity variations are negligible during
the course of the experiment. ' Figures 4 and 5
give the variations of conductivity, measured at 12

K, with the duration of the excitation. The conduc-
tivity increases until it saturates, indicating a new
equilibrium in the distribution of charged carriers
between traps. The variations of conductivity are
larger for x rays or electron irradiations than for
uv illumination (which does not induce direct band-
to-band transitions}. ln the case of electron ir-

C

~ ~
CJ

CI

F00

I 1

200 500
temperature ( K)

FIG. 3. Thermoluminescence spectra of a natural
sample (DB2B) excited at 77 K by uv light and by field
effect.

1 2 3 4 5 6 7 8 9 I 11 CR13141516
@me (~)

FIG. 4. Conductivity changes due to uv illumination
and x-ray irradiation at 12 K (sample GE48).
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FIG. 5. Conductivity changes with the dose of 150-keV
electron irradiation at 12 K (sample GE48).

radiation, for doses larger than 10" cm ', the
conductivity decreases; this can be explained in
two ways: either the electron irradiation intro-
duced enough defects' or (and) the concentration of
the compensating centers become lower than 0.5.'
In sample GE48 (90%% compensation) the excitation
induces an increase of conductivity (Figs. 4 and 5)
and therefore a decrease in the compensation, i.e.,
a decrease in the concentration of the carriers
trapped on the compensating centers.

During isochronal warm-up (conductivity mea-
sured at 12 K) we observe the thermal deexcitation
of carriers. The conductivity exhibits stages

around 160, 230, and 340 K (Fig 6. ); the tempera-
tures at which these stages occur are independent
of the mode of excitation (Fig. 6). In some stones
only the first stage (between 150 and 190 K) is ob-
served (Fig. 7).

After 0.5-MeV electron irradiation at 12 K, sam-
ple GE48 exhibits an additional stage at 50 K and a
reverse stage around 250 K (Fig. 8). The reverse
stage at 250 K cannot be found after warm-up at
300-320 K followed by a new excitation with 150-
keV electron irradiation; it therefore must be at-
tributed to the annealing of defects introduced by
0.5-Me& electrons' (the increase in conductivity
corresponds to a decrease in concentration of the
compensating centers). The stage at 50 K is still
observed after warm-up at a temperature lower
than 250 K followed by a new excitation (Fig. 8); it
must therefore be attributed to the thermal re-
lease of carriers from a new trap, introduced by
the irradiation. This trap is associated with the
defects which anneal at 250 K since, after warm-
up at 360 K followed by an excitation at 12 K, the
50-K stage is not observed anymore (Fig. 8).

We have attempted to measure the activation en-
ergies E„associated with the thermal release of
ca.rriers in the 50- and 230-K stages (in sample
GE48). (Due to difficulties of the measurements it
has not been possible to determine the activation
energies associated with the other stages. ) Since
lno varies linearly with the concentration 4ND of

~—X—X—X
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X—X~X X x B 190(measured at 12K)
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FIG. 6. Isochronal. warm-up (20 K.&10 min ~) of con-.
ductivity at 12 K (sample GE48) after the sample has
been excited at 12 K by uv light, x-ray, and 150-keV-
electron irradiations.
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FIG. 7. Isochronal warm-up of conductivity (samples
B190 and GEGA} after the samples have been excited at
12 K by 150-keV electron irradiation.



THERMALLY STIMU LA TED LUM INESCENCE AND. . . 791

09

~as
Cl

07-

~ 0$=
~ ~
~ ~
~ 05-
C
CS
ck 0g

0.1

the traps [Eq. (1)] the ratio of the
of ln(inc') vers t' '

g xsothsus ime durin ' th
i 2

two slightly diff

'
g isothermal runs at

i erent temperatures Tres, and T2 gives

„=u ln(S, /S, )/(1/T', 1/T, ) . —

The measurement e a

(4)

en s are performed a
at temperatures T

e at 12 K because

th od ' '' (, and T &aro

c ivities are too small to
' '

n accuracy. The resuresults, shown in.

e o lowing values for E .

E = . e for

A'

„=0.0024 + 0.0005 eV fore for the 50-K stage,

E„=0.16 + 0.04.04 eP for the 230-K stage.

The coconcentrations of the tra s inco e traps in the different
ples QE48 a deen calculated in sa

e variations of condu
suits, given in Tabl

n uctivity. The re-

citation in case f
a e IQ, corres op nd to x-ray ex-

e o sample GE48
keV electron e 'texci ation in cas e of sample 8190

a I s I s i I

100 &OOt. ~~. (K)

FIG. 8. Isochronal warm-up of con-up of conductivity (sampl

~ ~

mp e
— eV electron irrad-

1ng up to 230 K; (3)
eV electron 'irradiation and heat. .

150-keV electron d'
after a new excitation at 12 K 'th

on irradiation and hea '
wl

f l tc ron excitation.
9

10 20 6030 40
time(~}

FIG. 9 arcuation of conductivit
runs around 50 and

c ivy y during isothermal
an 250 K (sample GE48).

TABI E IIII. Evaluation of the con ( )
e zn the differerent conductivit t'

y s ages.

and 250 K havinving emission in the blu
b o t d '' th
shifting from blu~ ~

e temperature s of the maxima
ue to red towards h'

tures. The act t'ava ion ener ie
s igher tempera-

these peaks h
gies associated with

s ave been measured.
in Table IV. 8ecause the values o

ured; they are given

energies are the
ues of the activation

and at 250 and 285
e same at 150 and

K (0.37 eV) it is

volved in these
i e rom the same le evels, are in-

se pairs of peaks. As sh
p-n e blue emissio

e absorption sp p

p ll
e activation energy of 0.37

con uctivit mee cor-
eve, was first attribu-

IV. DISCUSSION OF THE RESULTS

hermolumines scence measurem
been performed ie in natural semi

ents have alread
i conducting (type-

y

as in types-1 and -IIa" "
In particular t o f '

1airly well seeparated peaks at 150

Sample

GE48
B190

ND
(cm~)

1.6x10 8

1.2 x10ts

NA
(cm 3) 160 KK 230 K 340 K

1x10"17x.7 x 10 1.1 x 1015 1 x 1015
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TABLE IV. Thermoluminescence peaks reported in the literature for seoliconducting dia-
IDond.

Spectral response E„(eV) Type of sample Reference

150

250 .

285
350

-420

Blue+ red

Red '

Blue+ red

Red

0.17-0.21
0.2
0.19~ 0.05

0.2
0.3
0.35+ 0.02
0.33 + 0.02

0.30 + 0.05

0.36—0.39
0.37
0.36-0.41
0.52
0 7

IIb
IIb
Synthetic
(B doped)
IIb

Db
Synthetic
(Al doped)
Synthetic
(8 doped)
Gb
Qb
IIb
IIb
IIb

13
10
11,18

10, 12
16
11,18
11,18

ii, 18

13
10, 12
10
12
12

ted to a substitutional aluminum center, '"" then to
a substitutional boron center. " The peaks having
an activation of 0.37 eV are therefore thought to. be
due to the thermal release of holes from the boron
level.

The model proposed to account for the thermo-
luminescence peaks observed is due to Halperin
and Chen' [Fig. 10(a)]. Electrons are raised by
the excitation into the conduction band, directly or
through the intermediary of traps depending upon
the energy of the excitation (larger or smaller than
the band gap). These electrons are then trapped on
B or R levels and holes on T, and T, levels (situa-
ted at 0.2 and 0.37 eP from the valence band, re-
spectively). When the holes are thermally re-
leased from the T, (at 150 K) and T, (at 250 K)
states, they recombine with electrons one and 8
states giving rise to blue (-2.8 eV) and red (-1.8
eV) luminescence. We note that the 0.2-eV activa, —

tion energy is not observed in conductivity; this
implies that the T, level could rather be at E, —0.2
eV and correspond to electrons excited in the con-
duction band which recombine with holes on a deep-
er level R' [Fig. 10(b)].

The results described here are in agreement with
those previously reported. In the natural IIb stone
we observed the red and blue emissions (d and f
peaks) chara. cterized by an activation energy of
-0.37 eV. However, the blue emission (0.2 eV) at
150-160 K (peak e) is not seen as well as the other
peaks previously reported, except for the peak h.
But two new peaks at 105 (a) and 320 K ( f ) are pre-
sent (the peak f cannot be the peak at 350 K pre-
viously reported since it has not the same activa-
tion energy, but it could be the peak reported at
285 K). These two new peaks have however been

seen in natural I and Qa diamonds. " In synthetic
stones the red emission (peak g), probably masked
by the large intensity of the blue emission, is not
observed; but peaks b and e (150 K) are observed.
The other peaks are also present, as well as the
new ones (a and f ) and blue emission at 210 K. It
can therefore be concluded that, with the exception
of the traps corresponding to the blue emission at
219 K present only in synthetic stones and to the
red emission at 415 K present only in natural
stones, the nature of the traps is identical in syn-
thetic boron-doped and natural Ilb diamonds.

- The activation energies E~, calculated using
formula 3, which implies —as mentioned in Sec.
IIIA —a recombination through the valence or con-
duction band, are in agreement with values we de-
termined from the slope of lnI (I: thermolumin-
escence intensity) vs T

(I, and I, are the intensities at; temperatures T, and

conduction hand

E;0.02eV—-D,
Ec-0.2 eV

v+~.eeV, ~~,B
I

E v+1.8 eV——R
I

I I

Ey+(97eV
Ev+Q2eY~i: T&

L—---=-k
valence band

(a)

FIG. 10. Thermoluminescence model of Halperin and
Chen {Ref. 10) {a) and modified model (b) taking into

account the results obtained.
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T„respectively). This is a good indication that
carriers indeed recombine through one of the
bands, i.e. , that the model proposed by Halperin
and Nahum applies. The results reported here al-
low us only to add a new level T, [Fig. 10(b)] at E„
+ 0.09 eV responsible for the red emission at 105 K.

Conductivity measurements provide results which
correlate with thermoluminescence results. Since
the conductivity at low temperature (12 K) is sensi-
tive to the concentration of holes on the boron lev-
el (T,) and to the concentration of compensating
centers (8 and R), the stages observed during iso-
chronal warm-up indicate changes in the distribu-
tion of the carrier population among the different
levels when these are thermally excited. The con-
ductivity stages which occur around 160 and 340 K
could correspond to emissions e and f, respective-
ly. The activation energy for the 230-K stage (0.16
+0.04 eV) indicates that this stage probably corre-
sponds to the c emission (210 K). It is also possi-
ble that, because some of the conductivity stages
take place in a large temperature range, they cor-
respond to several emission peaks (for instance the
d and g emissions could be mixed with the c emis-
sion in the 230-K stage).

The stage at 50 K (associated with an activation
energy of 0.02 eV) is, as shown in Sec. IIIb, as-
sociated with the defects which anneal around 270
K. It has been proposed that this annealing stage is
due to the recombination of vacancy-interstitial
pairs through the mobility of interstitials. ' Since
vacancies do not disppear completely after such

annealing, the 50-K stage can only be due to the
thermal release of carriers from a level Dy as-
sociated with the interstitial. Interstitials being
donors, this level D, is therefore at E,—0.02 eP
[Fig. 10(b)].

V. CONCLUSION

The results obtained with thermoluminescence
measurements, in agreement with previously pub-
lished results, have shown that the nature of the
traps is the same in synthetic boron-doped dia-
monds and type-Qb natural diamonds. Two ther-
moluminescence peaks (around 105 and 320 K) are
reported, which had already been observed only in
natural type-I and -II a diamonds. Thermally stim-
ulated conductivity which exhibits three stages
(160, 230, and 340 K) before the introduction of de-
fects by high-energy electron irradiation and one
additional stage (50 K) after irradiation correlates
with thermoluminescence results. The results are
consistent with the model for the thermolumines-
cence proposed by Halperin and Chen. Conductivity
measurements allow us to ascribe the 50-K stage
to the defect (the interstitial) which anneals around
270 K and to determine the level associated with
this defect (E, —0.02 eV).
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