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Change of absorption spectra in type-b diamond with heavy neutron irradiation
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For type-b diamond neutron irradiated and annealed at 900°C, it has been found that the nitrogen vacancy
(NV) center is reduced in density with increasing irradiation in the dose range above a certain value, and
instead the 575 and 594 nm centers appear abruptly. This fact is interpreted in terms of change in the charge
state of defects correlated with large change in the Fermi level produced by heavy irradiation. Based on the
present results, a model is proposed for the 575 nm ceiM&n°, a defect released one electron from the NV
center. It has been observed that the growth nature of the 594 nm center with irradiation is different between
types b and b. This difference is explained by difference in the Fermi level of both types.

I. INTRODUCTION Concerning the NV, 575, and 594 nm centers many au-
thors reported the experimental works. The NV center whose
Nitrogen is the most prominent impurity in diamond and zero phonon lingZPL) is located at 638 nm is the most
nitrogen-contained diamonds are classified into typearid ~ dominant defect in irradiated and annealed typelilamond
Ib. The former contains the nitrogen atoms in aggregaté@nd the structure of this center is a pair of a substitutional
form and the latter is in singly substitutional form, respec-nitrogen and a vacancy.From beautiful works of hole

. 8_12 . . .
tively. In type b, the charge state of nitrogen is neutral: PUning, " optically-detected spin lockint, nearly degen-

i A4
N 12 and its electronic level is located at 1.7 eV below the€rate four-wave mixing? electron nuclear double resonance

conduction band. The balance between neutral and ne ati\%NDOR)’ optically d_etgcted magnet'c resonance
9 (ODMR),**1" and so on, it is established that the ground

vacancies was discussed in detail by Dawesl3 Accord- . . ; )
y state is spin triplet, the ZPL absorption corresponds to

ing to them, the concentratl_on of neutriil yacanMP)( a_I- 3A—3E transition and the charge state of the center is singly
ways exceeds that of negative vacan®y | in electron ir- negative[(NV) ]

radiatgd typed. In type b most of them becpme singly The 575 nm center also contains a nitrogen atom and

negative ¥~) because of an electron supplied from thegeyera| authors showed the similarity between the NV center

single nitrogen aton{N°) through charge compensation. ang the 575 nm center in many poinfs?* The remarkable

Therefore, the Fermi level of typé kit may be located near point of the 575 nm center is the absorption to be very weak

the energy level of the isolated nitroges higher than the or difficult to detect, especially in the case of highly

V™ state. Although the Fermi level of typa is not known  nitrogen-contained typesl diamond, in spite of its strong

experimentally, it must be lower than the" state. luminescence. This fact will be understood from the present
When the position of the Fermi level is changed in anyexplanation as shown later.

way, some defects are converted into their negative or posi- The 594 nm center is first reported by Dugd&lélhis

tive charge states and correspondingly new absorption peak®nluminescent center is observed in irradiated and annealed

will appear. There appear to be several methods to contrdypes-& and -b diamonds?®2’

the Fermi level or the quasi-Fermi leve€l) impurity doping,

(2) sample heating(3) photoexcitation, and so on. The II. EXPERIMENT
change in the charge state of vacancy mentioned above is an
example of item(1) and the photochromism of thd2 and Samples used are types-and -b diamonds neutron ir-

H3 centers is iten3).>® Irradiation gives the fourth method radiated and subsequently annealed at 900°C. Typdid-
and it enables one to control the amount of charge compermonds were natural and contained nitrogen atoms of approx.
sation centers to some extent. 350 to 700 ppm. Typekl samples were synthesized by
The author observed the drastic change in the absorptiocBumitomo Electric Industries Ltd., and the isolated nitrogen
spectrum of neutron-irradiated and annealed typedia-  concentration estimated from the infrared absorption coeffi-
monds under high neutron dose: decrease of the NV centefgent is around 100 ppm. The neutron irradiation was carried
and simultaneously sudden appearance of the 575 and 5@t with doses of 0.%10'® cm™2 to 2.8x10'"® cm™? at
nm centers. This paper presents these phenomena to be d&oto University Research Reactor Institut€URRI). The
plained by change in the Fermi level as an example of thenergy distribution of fast neutrons is spread from 0.1 to 7
fourth method. In order to demonstrate the phenomendleV with its broad peak around 2.5 MeV. The irradiation
clearly, type-b samples with a high density of nitrogen at- was made at an ambient temperature about 100 °C. After
oms are prepared and the neutron dose is varied in a wid@dioactivity is decreased sufficiently, samples were an-
range. The neutron irradiation is suitable to introduce thenealed at 900°C for 1 h, and the absorption spectra were
radiation defects much more compared to the electron irrameasured in the wavelength region of 300 to 900 nm by 0.5
diation. nm in spectral resolution at 80 K.
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FIG. 1. Drastic change in the absorption spectrum of the same FIG. 2. Growth of the NV(full circles), 575 nm(open circles
sample of type b induced by twice the neutron dose. Nitrogen @nd 594 nmtriangles centers in typed diamond as a function of
concentration is 128 ppm (2.28.0'° cm~3) and the measurements neutron dose. The NV center increases linearly with a dose up to
were performed at 80 K@ Annealing at 900 °C followed a neu- 710" cm™2 and then begins to decrease. The 575 and 594 nm
tron dose of 107 cm™~2. The dominant absorption is of the NV Centers appear abruptly around a dose ok1.&"* cm™2. Samples
center which exhibits a zero phonon li@PL) at 638 nm(b) After ~ used are different but their nitrogen concentrations are arranged to
twice the same treatment with). The 575 and 594 nm centers are be approx. 100 ppm. All the measurements were performed at 80 K.
observed distinctly instead of decreasing NV center.

between typeshl (circleg and &k (triangles. There is a no-
. RESULTS ticeable difference; in typeal the 594 nm peak is observed
over the whole range from the low dose, while in typetlis

For type-b diamond with the above treatment, usually theobserved 0n|y in the h|gh dose range above1D'® cm—?2
most dominant defect is the NV center, but heavy neutrofyhere the NV center is decreasing. In both types, the density
irradiation makes this situation change drastically, as showgf the 594 nm centers shows a linear increase with the neu-

in Fig. 1. Figure 1a) denotes the absorption spectrum of atron dose and the absorption intensity is quantitatively in a
sample containing 128 ppm single nitrogen atoms and arfairly well agreement.

nealed at 900°C after a neutron dose of T0'’ cm ™2 mea-
sured at 80 K. The spectrum exhibits the ZPL of the NV
center at 638 nm, but the peaks at 594 nm and especially 575 IV. DISCUSSION

hm are hard!y detected. Figurébl is of the same Sﬁmp'e We discuss that the abrupt appearance of the 575 and 594
irradiated twice the same amount of neutrons addmonallyn

] ’nm centers in the high dose range for typeid ascribed to
followed by annealing. Consequently the total dose is g g ybe

8 25 change in the charge state of defects arising from change in
1.4x10'% cm 2. This denotes a decrease of the 638 nm pealg,o Fermi level. The two centers are discussed separately.
height and a remarkable appearance of the 575 and 594 nIc'—(fgure 5 shows the qualitative energy level scheme to inter-

peaks. ret the experimental results.
Figure 2 shows the relation of the integrated zero phonorﬁ) P

absorption intensities of the N¥full circles), 575 nm(open
circles, and 594 nm(triangles centers to the neutron dose.

The absorption intensity of NV center increases linearly with = Type Ia
the neutron dose in the low dose range up te 1D'® g J 7x107 cmi2
cm~2. Below, we call the dose regions below and above T 100~
1x 10" cm~! the low dose and the high dose region, re- &
spectively. In the high dose range the absorption intensity of §
NV centers decreases, and at the same time, new absorption &
peaks of 575 and 594 nm centers appear. "; 50 I
In order to compare this growth nature of the 575 and 594 2
nm centers between typds &nd k, the absorption spectrum g
of type-la diamond is shown in Fig. 3. In contrast to type é o | ; | |

Ib [Fig. 1(a)], the 594 nm peak is seen clearly, but the 575

nm peak cannot be found. The latter fact is explained from

the fact that the typeal diamond used contains scarcely the Wavelength (nm)

nitrogen atoms in a single form. Another remarkable peak at

503 nm is the ZPL of th&él3 center which is characteristic of FIG. 3. 80 K absorption spectrum of typa-tliamond with simi-

type-la diamond?® lar treatment. Neutron dose isx710'” cm™2. In contrast to type
Figure 4 presents comparison on the dose dependence if [Fig. 1(a)], the 594 nm peak is observed remarkably. Another

the zero phonon absorption intensity of the 594 nm centepeak at 503 nm is the ZPL of the3 center.

i
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P r——r Ty based on the photoconductivity measurentewte assume
Ag/ ] the Fermi level of typel, Eg(Ib), is located near at the
% ] energy level of the nitrogen atom. The level of V) ™ is
2 ] deduced to be at the position lower than 2 eV from the con-
- duction band for the following reason. If the excited state of
the NV center comes into the conduction band, its ZPL
would not be so sharp due to the resonance interaction.
A Hence the energy difference between the ground state and
the conduction band must be larger than the zero phonon
. energy(1.945 eV. Similarly the ground state of the 575 nm
1 center should be located at least 2.2 eV below the conduction
T T band. Ip Fig. 5 the position of t_he.ground state of t.he 575 nm
10° 107 10° 10° center is expressed only qualitatively except for its position
Dose (cm2) lower than the(NV) ~ state.
The neutron irradiation produces Frenkel pairs and a va-
cancy migrates above 650 °C to combine with a nitrogen
the neutron dose between types(iriangles and b (circles at 80 atom to form an NV Cente7”'e" an(NV) ~ state. These two

K. The nitrogen concentration of the latter is around 100 ppm.Step reactions are summarized by an equation:
Experimental points for both types stand in the same linear line but
there is a noticeable difference: for type this center is observed
from the low dose range, while foblit bring out itself only in the
high dose range where the NV begins to decrdabeve 1x 10
cm™3?).
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FIG. 4. Comparison of the dependence of the 594 nm center o

2N+ VO (NV) +N*. (1)

The formation of one NV center wastes two isolated neutral
nitrogen atoms and consequently the Fermi level shifts to-
wards a lower energy. This process gives an explanation for
the linear growth of the NV centers with the dose, as shown
A. The 575 nm center in Fig. 2. The reactiorfl) will continue till the Fermi level

We describe the proposal for a model that the 575 nnf€aches the energy level of titiV) = state, and all of the
center has the same structure with the NV, but is removeditrogen atoms are ionized. The Fermi level in the low dose
one electron from it. Among the NV center and the 575 nm/fange is varied betweekr(lb) and the energy level of
several common features are pointed out as folldgysThey (NV)~. ) )
contain one nitrogen atom from two independent experi- In the high dose range starting from about & 10'°
ments of the'>N isotope effect of the phonon repli€aand cm~? dose, the vacancies introduced will not be able to form
the linear growth with increasing number of implanted nitro-the NV center any more if all neutral nitrogen atoms are
gen ions?* (2) the symmetry isCs, from the absorption converted into N or (NV) ~ according to Eq(1). Further
measurement under the uniaxial stfésd external electric lowering in the Fermi level with increasing the vacancy con-
field,?® and (3) both of them contain a vacanéy. centratlon may be produced, for example, by the following

Since the charge state of the NV(NV) ™, the 575 nm is  feactions:
assigned tqNV)°. In Fig. 5 the energy level of the neutral

— O O —
nitrogen N is situated at 1.7 eV below the conduction band, 2(NV) "+ VE=(NV)"+(NV3) @

(NV) ™+ 2VO— (NV)°+(V,) (3)

under the condition for the levels ¢NV)~ and (V,)™ to
exist lower than that ofNV) . Unfortunately, existence of
the negatively charged nitrogen-divacancy complex
NV ) (NV,) ™ or the negatively charged divacancy,)~ has not
(NVY” b been found experimentally. However, the conversion of
— . (NV) ™ into (NV)° may occur from the common viewpoint
that introduction of the radiation defects makes the Fermi
level go down. Therefore the appearance of the 575 nm cen-
594 ter and the decrease of the NV center will occur suddenly
X° and just at the same time, as shown in Fig. 2. The above
discussion entirely neglects the contribution of interstitial at-

FIG. 5. Proposal for the qualitative energy level scheme of the®™S since there is no detailed information about their behav-

NV, 575, and 594 nm centers. Level of the neutral state of nitrogeﬁors' However the S'“J_"?“'O” remains qua!ltatwely unchanged
impurity N° is based on the result of Ref. 1. The so-called NV SO long as the |nter§tltlal atoms and their related complexes
center corresponds t\NV) ~ in the charge state and the 575 nm are deep centers with the level lower than the/) = state.
does to(NV)° with the same atomic configuration. The charge stateF"om the above discussion, the turning point from the low
of the 594 nm center is assumed tentatively to be neux® and  dose ranges to the high is predicted generally to depend on
its singly negative charge statX{) has not been observed. Nota- the nitrogen concentration: the more nitrogen concentration
tions, Ex(la) andEx(Ib) represent the position of the Fermi level will shift the turning point to the higher dose. This explains
of types h and b, respectively. the experimental fact that the detection of the 575 nm ab-

Er(lb) —> N°

Er(la) — 575
(NV)°
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sorption is difficult in particular for typebl with a large type b, it is explained that th&X? state and hence the 594
density of single nitrogen under light dose. nm center may be generated even in the low dose range.

The introduction rate of vacancy is able to estimate based In Fig. 4, the linear growth of the 594 nm center with dose
on the assumptions that all the vacancies are captured ati clear. The present observation reveals that the 594 nm
neutral nitrogen atom by annealing at 900°C and a neutratenter begins to appear around the annealing temperature of
vacancy wastes two neutral nitrogen atoms according to EQR00°C, which is much below at the temperature of vacancy
(1): about 1x 10'° cm~2 (half of nitrogen concentratiorva- ~ migration. Furthermore it is mentioned more directly by
cancies are introduced by the neutron dose of1D'®  Davies and Nazare that there is no relationship between the
cm~2. Therefore the introduction rate of negative vacanciegrowth of this center and the destruction of the vacaicy.
under present irradiation conditions is estimated about 13 herefore, it seems that the 594 nm center is an interstitial
cm™ 1. Next, let us discuss the ZPL absorption intensities ofrelated center. In addition there is a report for the symmetry
an NV center and a 575 nm center. From above discussioi® be D34.2° In diamond structure, for example, an intersti-
the maximum density of the NV center isx110'® cm™3, tial atom located at the hexagonal or the bond center site
and it corresponds about 2 eV crh ZPL absorption(see  satisfies this symmetr¥, but the stability of interstitial atom
Fig. 2. Therefore the ZPL intensity per NV centefry(,) is  to a high temperature such as 900 °C is unlikely. Further
2x10 1% eV cm?. On the other hand, if all the reduced NV study is necessary to determine the structure.
centers in the high dose region are converted to the 575 nm
centers’NV)° only, the decrease density of the NV center is V. SUMMARY
equal to7 the_gensity of the 575 nm center. In the case of g, type-b diamond with a high dose of neutron and
1.4x10' cm “ neutron dose, the decrease ofghe 'i‘\gl centelsypsequent annealing, the drastic change in the absorption
from the maximum value is estimated at_@-ﬁol cm _blg spectrum was observed: sudden decrease of the NV center
using ;che data of Fig. 2 and the relatidg,=2x10 and simultaneous appearance of the 575 and 594 nm centers.
eVcme. Therefore the ZPL intensity per 575 nm centerThis phenomena were explained in terms of the lowering of
(fs79 and the ratiofyy /fs7s are obtained as 07107  the Fermi level induced by heavy irradiation. A model was
eV cm” and about 3, respectively. Finally, according to theproposed for the 575 nm center to be the neutral charge state
present model, the 575 nm center should be paramagnetigf the NV, since the NV was established to the charge state,
Now the author is trying to detect it by ESR measurement. (Nv)~. The fact that the 575 nm is usually too weak to

detect especially for typeblwith high concentration of ni-
B. The 594 nm center trogen can be understood by the fact that the high position of

Let us discuss the present result that the 594 nm centdp® Fermi level makes the charge steit/) ~ exist mainly,

appears only in the high dose range for typebut in the but scarcelyNV)°. Contrary to typeh, type la with similar
whole dose range for typeal Since the structure of this treatment showed the formation of the 594 nm in the low

center is not known. we denoteXt. It is assumed that the dose. This is ascribed to a difference in the Fermi level be-

optical absorption of the ZPL at 594 nm arises from thetWeen the two types.
charge stateX® and its energy level is located sufficiently
below that of the(NV) ™, as shown in Fig. 5. Further its
negatively charged state{™, is assumed to be near the  The author would like to thank Professor Y. Nisida and

(NV) ~ state, but not to be detected optically. When loweringProfessor M. Kobayashi of our laboratory for helpful discus-
of the Fermi level with increasing dose occurs in the mannesions. He thanks T. Nakashima of Sumitomo Electric Indus-
discussed above, the abrupt appearance of the 594 nm centdes for supplying synthetic typdsldiamonds. A part of this

in the high dose range of typé kcan be also understood by work was carried out under the Visiting Researchers Pro-
the change in the charge state of the 594 nm center fromgram of Kyoto University Research Reactor Institute. The
X~ to X°. On the other hand, since the Fermi level for typeauthor is grateful to Dr. M. Okada of the Institute for the

la, Er(la), is thought to be located much lower than that for neutron irradiation and use of the experimental facilities.
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