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Abstract — The parameters of electronic structure
and their influence on properties of aluminum
nitride after irradiation with carbon ions and sub-
sequent annealing in vacuum and oxygen were inves-
tigated using optical absorption and photoconduc-
tion. The influence of annealing conditions on the
dominating charge carriers type and on the Fermi
level position and on the character of the electronic
transitions between the states localized within the
forbidden band and the allowed bands were estab-
lished.

1. Introduction

Expansion of functional possibilities of dielectric ma-
terials causes need of regulation of their properties.
This is possible, as an introduction of active impurity
on stage of fabrications, so by means of irradiation
with charging particles. Irradiation by ions, causing a
complex of physical-chemical processes, creates in
near surface layer of materials new unequillibrium
state, distinguished on structured-phase composition
and on the contents of defects from initial state. Enu-
merated changes form an electronic structure of for-
bidden band of compounds that defines a change of
optical and photoelectric characteristics of material,
type of charge carriers, energy parameters of conduc-
tion o (6 =10""-10°8) [1, 2].

Theoretical investigations of electronic structure
AIN with aluminum excess have allowed to calculate
depending on positions of Fermi level the efficiency to
generations anion Vy and cation V,; vacancies, clus-
ters of vacancies V| — Vy, defects of substituting Oy,
donor-acceptor complexes Va — Oy, define their
charge state under mutual conversions and value with
provision for information on identifying defect levels
their influence on characteristics. These results were
generalized in [3]. In this work explored parameters of
electronic structure AIN changed by defects induced
by irradiation with ions, and determined influence of
annealing on stability of these changes.

2. Experimental

Irradiation of plates AIN was executed in fre-
quency-pulsed mode by carbon ions with the energy
of 50-150 keV, density of current in the pulse was
1022107 A/em?®, fluence was ®=10"-10" cm™.
Postimplantation annealing was executed in the vac-
uum (P <10 Pa, T,, = 300-2000 K) and in the oxygen
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(P=10°Pa, T,,=300-800 K). Optical and photoe-
lectrical measurements methods and treatment of re-
sults is provided in [1, 3]. Charge state of defects was
defined from thermal and photostimulated currents [3]
or from thermal depolarization currents. The relative
concentration of induced defects Ni/N (N and N, — con-
centration of absorbtion centres before and after irra-
diation and annealing) was valued from absorption
coefficient a(/v) before and after the irradiation. Ab-
solute value of concentrations the absorption centres N
and N; was defined with the Smacula’s formula.

3. Experimental Results and Discussion

In forbidden band (FB) of unirradiated AIN in the
energy interval A(hv)=1.9-4.5 eV was revealled the
exponential distribution of localized states (LS) in-
duced by defects. Because of high concentration of
biographical defects (N> 10" cm™) and strong over-
lapping corresponding it LS in the material observed
interband absorbtion which realized by indirect
(A'(hv) =3.6-4.5¢eV) and direct transitions (A'(hv) =
=4.0-4.6 ¢V) (Table). The FB width, evaluated for
direct (£, < 3.8 eV) and indirect (E; < 2.6 eV) transi-
tions, is significantly narrowed, comparing to single
crystals (5.7-6.3 eV [4-10]). A Fermi level & is situ-
ated in FB near intersection of continuously distrib-
uted on energy donor and acceptor levels at the energy
band e =2.0-4.0 eV.

Created by irradiation the induced defects (ID)
create in FB an additional LS having a high density.
The fluence ions effects on the electronic structure
change the most vastly reveals itself in intervals 1.4-2.5,
1.7-2.9 and 2.5-3.3 eV. The accumulation localized
states with energy € = 3.2-4.3 eV and their interaction
causes a narrowing FB (Table). Localized donor states
with the energy of 1.5-4.2 eV in consequence of ac-
cumulation and interaction causing their induced de-
fects are united in subband of powerfully cooperated
states. Absorption is formed by the indirect and direct
allowed transitions between the subband states and
conduction band (CB). With increasing density of
subband states and degree of their overlapping prob-
ability of realization of direct transition increases.
A linear intercoupling between Urbach’s energy E,
(au(hv) ~ exp(hv/E,) [1]) and optical transition energy
hv at constant absorption coefficient o (Fig. 1, curves 1,
2)) and between E, and E, (A'(hv) =3.74.8 u 2.8—
3.8 eV, Fig. 1, curves 5, 6) is observed. This indicates
on the partial delocalization of the electrons,
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the partial delocalization of the electrons, occupying
subband states.

Table. Parameters of optical absorption of aluminum nitride
after irradiation with carbon ions and annealing (approxi-
mation in intervals A(hv) by Urbach’s law
a(hv) ~exp(hv/E,) and in intervals A'thv) by law
a-hv ~ (hv — E,)" for direct (m = 1/2) and indirect (m =2)
allowed transition through optical gap E,)

)

@, cm” | A(hv), eV | EneV |A(v), eV ]| Eg,eV
Until 1.9-3.7 1.4 3.6-4.5 2.5
irrad. 3.7-4.5 0.8 4.0-4.6* 3.8%

1016 1.8-3.1 0.9 3.7-4.2 2.1
3.7-4.1 1.1 3.7-4.7* 3.4%

1425 2.1 1.4-4.0 0.1
2-10" 2.5-3.3 2.5 2.8-3.5% 2.4%
3.2-4.1 4.1 3.5-4.2% 2.8%
1o | 1424 5.6 1.4-4.7 -1.0
2.6-4.0 5.3 1.6-2.8% 1.2%

* Parameters of direct allowed transitions.
** Annealing in vacuum at 7,, = 1100 K.
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Fig. 1. The dependencies of optical transition energy hv
(1-4) at constant values of the absorption coefficient
a=13-10* (1), 1.7-10* (2), 2.2:10* (3), 2.8:10* cm™" (4) and
optical gap for direct allowed transitions E, (5, 6) in inter-
vals A'(hv)=3.7-4.8 (5) and 2.8-3.8¢V (6) from the
Urbach’s energy E,

Accumulation of the deep donors states having en-
ergy v =1.5-3.0 eV within subband defines spectrums
relative photosensitivity Ky/K(hv) (K= (o, —0)/o,
o,y — photoconduction) most effectively [1]. Influence
of the subband states on parameters of interband
absorption and correlation between spectrums
Ki/K(hv, @, T, (o, oy of the n-type) and a(hv, O, T,,)
indicates on partial overlapping between the subband
donor states g, — (1.5-2.0) eV (g — bottom of conduc-
tion band) and the conduction band «tails» with en-
ergy €. — (0.1-1.8) eV [1]. Analysis of the optical and

photoelectrical data allowed us to deduce that Fermi
level under conditions ® > 107 cm™>, 6>10"S (on
n-type) shifted to conduction band on value 1.5-
2.0eV[1].

Postimplantation annealing in the vacuum pro-
motes further electronic structure transformation (lev-
els overlapping degree, optical gap, character of the
distribution LS on energy, € position, etc.) and the
localized states population with exceeding electrons
and holes too. Additional states, cased by impurity-
vacancy and interstitial-vacancy complexes, which
formed after annealing, change electronic structure
parameters in correlation with changing of the inter-
band and intraband (within subband) absorption tran-
sition characteristics, photoconduction parameters and
stability of properties changes too. Concentration of
localized subband states g, — (1.5 —3.3) eV, its popu-
lation with electrons and degree their cooperation
(~ E,) have maximum after annealing after 1000-
1500 K [1]. Fermi level is in addition displaced to CB
on values 0.6—1.0 eV for its position in the irradiated
material. From changes the parameters of interband
absorption and photoconduction was fixed shift of the
subband borders on values 0.4-0.6 eV aside high en-
ergy (Table). As a result subband strongly cooperated
states with energy &€ =1.6-4.6 eV was formed. This
subband defines the interband absorption at realization
of direct transition into conduction band. The transport
charge and photoconduction are realized by the hop-
ping mechanism with alternating length of hop with
participation of the subband states g.—(1.5-2.3) eV
and g —(2.8-3.4) eV. Reduction of optical gap E, is
due to high density LS near the valence band (VB) top
¢, and influence of electronic transitions between
these levels and subband levels &, + (0.5-2.8) eV.

Significant contribution to electronic structure
changes give local levels of the induced defects. On
dependencies hv(E,, @) and Eg(E,, ®) stand out three
energetic ranges of their influence: 3.0-3.2 eV, 3.8-
4.0eV and 4.7-49¢eV (Fig.1). Range 3.0-3.2¢eV
corresponds to interband optical transitions (A'(hv) =
=2.8-3.6 eV) and transitions, forming local photosensi-
tive (n-type of o) bands of absorption with centres at
€ =3.2-3.4¢eV [3]. Range 3.8-4.0 eV correspond to
the direct transitions in the interval A'(hv) =3.7-4.4 ¢V.
Range 4.7-4.9 eV (@< 10" cm™) coincides with the
band centre g =4.8¢eV, stipulated by oxygen-
contained biographic defects [8—13] and their com-
plexes.

Thus, as a result ion-thermal modification in for-
bidden band of aluminum nitride are revealled three
components of electronic structure: localized states
exponential distributed on energy, strongly cooperated
into subband donor states and local levels situated
near subband and/or levels corresponding to bio-
graphic defects. Energy borders of the subband and
degree of influence of its levels on characteristics are
defined by modification conditions.
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Annealing of irradiated with ions AIN in the oxy-
gen allows to define a changing of the parameters of
electronic structure in consequence with the introduc-
tion oxygen-containing complexes (OCC), forming at
adsorptions of oxygen on defect clusters, value a de-
gree of their influence on optical, photoelectrical and
electro-physical characteristics. At the accumulation
of OCC localized states continuously distributed on
energy within subband will converted in the set of
strongly localized donors or acceptor levels. These
levels reveal itself in the manner of local bands of
absorption and photosensitivity in spectrums N;/N(hv)
and Kipr/Kio(hv) (Ko, Kior — photosensitivity before
irradiation and after irradiation and annealing in the
oxygen) (Fig. 2,a).
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Fig. 2. Changing a concentration of absorbing localized
states in the forbidden band (1, 2) and relative spectral pho-
tosensitivity (3) after irradiating AIN with carbon ions
(®=10" cm™) and annealing in the oxygen at P = 10° Pa,
T, =800K, r<3-10°s (1) u £ >3-10° s (2, 3) (a). Electronic
transitions scheme (b). Photostimulated, thermal activated
and recombination transitions are shown by direct arrows,
but capture of electrons-dashed arrows

Exchange by electrons between levels of the oxy-
gen-containing complexes and complexes between
induced defects lowers the population of subband do-
nors states €. —(0.1-3.3) eV, degree of overlapping
these states and photosensitivity n-type. Density of
subband donors states is insufficient for realization of
direct transitions into conduction band. However, re-
alization of absorption by indirect transitions in inter-
val A'(hv)=2.8-4.3 eV promotes an overlapping of
acceptor levels created the oxygen-containing com-
plexes (¢ >3.0eV) and levels of biographic defects
Oy [3]. An intensity of electronic transitions from the
valence band states to acceptor levels, cooperated in
subband, increases at the accumulation oxygen-
containing complexes. Changes of the parameters
o, Ey, A, A'(Ty, hv) were showed on reducing static
disorder in the crystalline lattice and on increasing the
electron localizations on the levels g.— (1.5-3.0) eV
and . — (2.7-5.5) eV. Also partial recovering an elec-
tronic structure of AIN occurs. Analysis of spectrums
Ni/N, Kip1/Kio(hv,Ty,), photo- and thermally stimulated
currents (domination p-type of conduction and photo-
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conduction), as well as parameters of levels with
€=0.1-1.2 eV, defining energy of activations ¢ and
o (T=300-650 K), have shown that under total
concentration oxygen-containing defects and com-
plexes N; > 5.10" cm™ Fermi level is shifted from g =
=g, + (3-5) eV (n-type conduction and photoconduc-
tion [1, 3]) to aside the valence band gr = ¢, + (1.8—
32)eV (<102 S).

Under annealing in the oxygen parameters of dif-
ferent types of absorption correlate with energetic and
kinetic parameters of ¢ and G,,. This indicate to the
strong influence of levels cased the oxygen-containing
defects and complexes on characteristics. Enumerated
facts allow with provision for theoretical calculations
of electronic structure [4-6] and models [7-13] to
define an influence on the absorption and on ¢ and G,
electronic transitions between allowed bands and lev-
els induced by defects and oxygen-containing com-
plexes. Developped scheme of levels and transitions
(Fig. 2,b) combined on energy with spectrums Ny/N,
Kiot/Kio(e, Tan) (Fig. 2,a). Peaks of absorption are
close to energy of the photosensitivity levels.

Weak populated levels 1-—g,+(0.1-0.5)¢eV,
2 —¢,+(1.6-2.0) eV define energies of activation o,
oy with p-type (¢ =0.1-0.5 eV, T=300-400 K) and
unstable band with e&=1.8eV in spectrums
Kio1/Kio(e, Tay) at the exchange of electrons with the
valence band states (Fig. 2,b). These levels are unsta-
ble to annealing in the oxygen and in the vacuum and
caused, probably, oxygen-containing complexes on
the base existing until irradiation biographic cation
vacancies and adsorbed molecules of oxygen.

Accumulation of oxygen-containing complexes
with the participation of induced defect clusters
(AL~Al; [3]) causes broadening the band 1.9 eV, trans-
formation it in the band 2.2-2.45 eV (Fig. 2a). Analy-
sis of changing the spectrums N/N, Kior/Kio(hV,Tam)
with provision for band identifications with € =2.8 eV
((Ali—=Vy)-centre [3, 12—14]) has allowed a unstable
band 2.2-2.45 eV to connect with transitions electrons
between levels Al"-centre 3 —g.—(2.4-3.0)eV and
g —(0.1-0.4) eV (Fig. 2,b), which stipulated oxygen-
containing complexes on the base induced defects [3].
The electrons transitions from valence band on
the acceptor level 4 —g, +(2.5-2.9) eV (O;-centre),
emerging in the complex as an acceptor [3, 15, 16],
form a band 2.6 eV (o, of p-type) (Fig. 2,a). Weak
band of photoconduction at € = 2.2 eV caused by tran-
sition between levels 5-—g,+(0.3-0.5)eV and
4 —g,+(2.5-2.9) eV belonging to this complex. In-
stability of parameters of levels 3-5 is caused by their
interaction with the subband acceptor levels g, + (2.2—
3.5) eV and location (Al;...O;)-centres on borders an
clusters Al,—Al; [3].

Weak intensive local band with ¢ =4.8¢eV
(Fig. 2,a) is formed by electron transitions from VB
on the level 6 —¢, + (4.5-5.1) eV, caused unstable to
annealing in the oxygen the defect Oy [6-9, 12—-15].
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More strong and clearly localized in spectrums
Ny/N(hv,T,,) band with & =3.9 eV (Fig. 2,a) and band
a photosensitivity of p-type with &=3.74.0eV
(6 <107'2S) caused by electron transitions from VB
on donor level 7 —¢, +(3.8-4.0) eV of thermal stable
complexes on the base ID (AL [3]) and defects of sub-
stituting Oy [4-8, 12—-16], which answer in FB states
with e=3.2-43¢eV (N, >10" cm”), forming inter-
band absorption (table). Analysis of changes band
parameters with g =3.95 eV under annealing in the
oxygen allows to expect that this band is connected
with interstitials and/or vacancy ID. With provision
for level identifications €, +(3.9-4.0) eV [4-8, 13]
and &, + (4.1-4.2) eV [16] (Ox"”) and high efficiency
forming Oy by &r=g,+(1.0-3.0)eV [4, 16] band
3.95 eV was referred to electron transitions from VB
on the level g, +(3.6-4.3)eV of the defect O\
which bound in the complex with AlL" [3]. Levels 6, 7
render a significant influence on interband absorption
by direct (A'(hv) =2.8-3.8 ¢V, 3.7-4.8 V) transitions
(Fig. 1, curves 1-5).

In consequence of electronic—ion reactions be-
tween defects and oxygen the defect clusters
Vx — Vi, Var— Vi when increasing a temperature will
converted in complexes, containing Oy, with change
of their charge state, dissociate on single defects and
annihilate [3]. Shift ¢ from its positions in the mate-
rial n-type 6 (6 > 107 S) under & = ey + (3.0-5.0) eV
in lower half FB as a result accumulations OCC and
subband donor levels g —(1.54.2) eV compensa-
tions, enlarges efficiency of formation Vy and Oy, but
velocity of generations (V4 — Oy)-centres is lowerred
[4, 16]. Coexistence under annealing in the oxygen
processes of formation and dissociation of the
(Vai— On)-centres determine the instability of pa-
rameters LS, answerring band 3.3-3.6 eV (Fig. 2,a).
Spectrums Ni/N, Ko1/Kio(hv, Ta,) and identification of
optical centres [7—11] and instability of band show
that it is formed by transition between acceptor 8 —
gt
+(1.1-1.3) eV and donor 9 — g, + (4.04.2) eV levels
of complexes [3]. Analysis of spectrums photosensi-
tivity p-type allows band 2.9 eV to connect with intra-
center transitions of electrons between levels 8 and 9.
Exchange by electrons between VB and level 8, trap-
ping the holes, defines the energy of activation
(0.5-0.9 eV at T>500K) o, of p-type [1]. Donor
levels 6, 7, 9 capture electrons from CB, causing re-
duction of conductivity n-type and G, of p-type in the
band £ =3.2-4.0 eV (Fig. 2,b).

Thus, oxygen-containing complexes, formed in
modified with ions AIN after annealing in the oxygen,
create in FB continuously set LS and separate levels
and define the changes of the optical and photoelectri-
cal characteristics. At the accumulation of concentra-
tions OCC and increasing interaction between forming
their defects the Fermi level is fixed in the lower half
of FB in consequence of compensating influence ac-
ceptor complex on donor subband levels.

The work was supported by Ministry of Education
of the Russian Federation, projects No. T02-07.5-140,
T02-02.1-139

References

[1] A.V.Kabyshev, F.V. Konusov, and V.V. Lopatin,
Rus. J. Advanced Materials 1, 70 (2001).

[2] V.F. Pichugin, T.S. Frangulian, Rus. J. Advanced
Materials 6, 26 (2000).

[3] A.V. Kabyshev, F.V. Konusov, V.V. Lopatin, in:
Proc. 12™ Int. Conf. On Radiation Physics and

Chemistry of Inorganic Materials, 2003,
pp. 251-255.

[4] T. Mattila, R.M. Nieminen, Phys. Rev. B54, 23,
16676 (1996).

[5] D.W. Jenkins, J.D. Dow, Phys.Rev. B39, 5, 3317
(1989).

[6] L. Gorczyca, A. Svane, N.E. Christensen Phys.
Rev. B60, 11, 8147 (1999).

[7] J. Pastrnak, L. Roskovcova, Phys. Stat. Sol. 26,
2,591 (1968).

[8] S.J. Pacesova, L. Jastrabic, Phys. Stat. Sol.(b) 93,
K111 (1979).

[9] V.E. Veselov et al., Rus. J. Izvestiya AN SSSR.
Ser. Inorganic Materials 25, 9, 1477 (1989).

[10] R.H. French, J. Amer. Ceram. Soc. 73, 3, 477
(1990).

[11] J.H. Harris, R.A. Youngman, J. Amer. Ceram.
Soc. 73, 11, 3238 (1990).

[12] G.A. Cox, D.O. Cummins, K. Kawabe, R.H. Tred-
gold, J. Phys. Chem. Solids 28, 543 (1967).

[13] J. Pastrnyak, S.Pachesova, Ya. Shanda, Ya. Rosa,
Rus. J. Izvestiya AN SSSR. Ser. Phys. 37, 3, 599
(1973).

[14] G.A. Slack, T.F. McNelly, J. Cryst. Growth 42,
560 (1977).

[15] K. Ogata, Y. Andoh, E. Kamijo, Nucl. Instrum.
Meth. Phys. Res. B39, 178 (1989).

[16] T. Mattila, R.M. Nieminen, Phys. Rev. B5S5, 15,
9571 (1997).

192



	Main Menu

