C. A. Lonpos: Defect States in Electron-Bombarded n-Type Silicon 503

phys. stat. sol. (a) 113, 503 (1989)
Subject classification: 71.55; S5.11

Solid State Section, Department of Physics, University of Athens')

Defect States in Electron-Bombarded n-Type Silicon
By
C. A. Lonpos

Deep level transient spectroscopy measurements on electron bombarded floating-zone n-Si
Schottky diodes are reported. Activation energies and capture cross-sections of five observed
majority-carrier traps (E, — 0.15eV, E. — 021 eV, E,— 0.28eV, E,— 0.33¢V, and E, —
~— 0.45 eV) are examined. Depth profiling and electric field effects on the thermal emission of the
traps are also investigated. Identifications made by reference to the published literature are
discussed.

Es werden DLTS-Messungen an elektronenbestrahlten Schottkydioden aus n-leitendem zonen-
gezogenem Si durchgefiithrt. Aktivierungsenergien und Einfangsquerschnitte von fiinf beobachte-
ten Majorititstrigerhaftstellen (B, — 0,15eV, E, — 0,21 eV, B, — 0,28 ¢V, E, — 0,33 ¢V und
E,— 0,45 eV) werden untersucht. Tiefenprofil und Einflisse des elektrischen Feldes auf die
thermische Emission der Haftstellen werden ebenfalls untersucht. Die Identifizierung anhand der
Literaturdaten wird diskutiert.

1. Introduction

The knowledge of the nature and the properties of defects with electrical active states
within the forbidden gap of semiconductors is of paramount importance for the elec-
tronic technology. Especially for the widely used Si material the improvement of the
device performances requires a profound understanding of every available information
concerning defect states. Each particular defect may be related with a particular
characteristic of the behaviour of the material. Therefore, manipulating the properties
of defects we could control the yield and performance of the devices.

The concentration of defects arising accidentally in the crystals during their growth
and processing are often too small to allow proper investigation. One of the most
efficient methods to introduce these defects in higher concentrations is irradiation with
high-energy electrons. The scope of this communication is to present the result of
electron-irradiation-induced defects studies in the upper half band gap of high-purity
n-Si.

2. Experimental

Wafers of (111) orientation of phosphorus-doped (o = 100 to 120 € cm) Si were cut
to provide Au-n-Si Schottky barrier structures. C(U) profiling revealed uniform donor
concentrations in the range of (6 to 9) x 10 cm~3. The specimens were irradiated
with 1.5 MeV electrons at doses around 10'® e~fcm? near room temperature. DLTS
measurements were carried out with a standard lock-in spectrometer as that described
by Ferenczi et al. [1]. The depth profiles of the levels and the electric field dependence
of their emission rate were obtained by using the differential DLTS approach [1].
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Fig. 1. Two temperature scans of phosphorous-doped, electron-irradiated Si, arising from two
different positions in the space charge region specified by the reverse bias Uy and the two filling
pulses U, and U,. (a) solid line Up == —20V, U, =0V, U, = —5V; (b) dashed line Uy =
=—-20V, U, =—-15V, U, =—-20V

3. Results and Discussion

Fig. 1 presents the typical DLTS spectrum obtained after electron irradiation of n-Si.
Five majority traps were observed. Cumulative Arrhenius plots for the thermal emis-
sion rates corrected with the inverse square of the temperature versus the inverse
temperature are shown in Fig. 2. The activation energies derived from the plots
E, (E.,—015eV), E, (F, —021eV), E;, (F, —0.28¢eV), E, (£, — 0.33eV), E;
(B, — 0.45 eV) represent energy positions in the gap relative to the conduction band
edge providing that the capture cross-sections are temperature independent. Capture
cross-sections were found by measuring the peak amplitudes for different pulse
widths in the frequency scan mode [2]. Fig. 3a shows some representative frequency
scans for K3 and E; for different pulse durations, while in Fig. 3b the corresponding
capture cross-section analysis is depicted. In the latter figure § denotes the DLTS
output for a pulse width ¢, and 8, the saturated DLTS output for very long pulse
widths.
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Fig. 2. Arrhenius plots of the observed levels in n-Si
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Fig. 3. a) Representative frequency scans of the peaks E, and E, for different pulse durations at
T = 120 K. b) (apture cross-scction analysis for the peaks E; and E,

A search for metastable properties of the levels with respect to electrical excitation
gave negative results. No changes were observed in the spectra when cooling the samp-
les from a certain 7' either with or without the application of a reverse bias prior to
beginning the DLTS pulsing.

The depth distribution of the defect states was also investigated. Concentration
profiling of the E,. E,, E,. E, levels revealed uniform distributions throughout the
depletion region as expected for electron irradiations. The depth profile of the E;
level. however, exhibited an unexpected inhomogeneity at around 2.3 um. Such
a profile is usual for ion implantation and we cannot say if a non-flat quasi-Fermi
level or some other mechanism is responsible for its appearance. Fig. 4 presents the
concentration profile of E, (the profiles of E,, E,, and E; are similar to E;) and E.

Activation energies and capture cross-sections of the levels resulting from these
studies are summarized in Table 1. In the following we shall discuss each level separate-

ly.
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Fig. 4. Depth profiles of the E, and E; peaks

3.1 E, —0.15 eV

The centre E, at E, — 0.15 eV is first worth considering. In the same energy re-
gion of the gap produce levels the V - O pair [3 to 5], usually called the A-centre
and the C; — C; pair [6, 7). Defects of undetermined nature have also been reported
in electron- and neutron-irradiated silicon [8, 9]. Due to its weak DLTS signal and the
fact that only at very short pulse durations (f < 2us) we were able to observe
changes in the peak amplitude of E, the capture cross-section analysis gave a rather
poor linearity with an estimated cross-section around 10-15 cm?2, Although the thermal
parameters only are not adequate to provide the indentity of a trap we believe that
the above values of activation energy and capture cross-section point to the A-centre.
The small concentration of the peak E, is probably due to the small oxygen content
of our samples.

The A-centre is considered as acceptor-like (—1/0) because no field-assisted electron
emission process (the well-known Poole-Frenkel effect) was detected for it [10].
This behaviour is expected for a centre which becomes neutral after emission. Although
a donor-like centre as the EL, in GaAs may exhibit similar behaviour [11]if its capture
cross-section is thermally activated, this is not the case for the A-centre [12]. The

Table 1
Electrical parameters of radiation-induced deep levels in P-doped Si

defect  activation capture T%) identification ref.

state energy cross-section (K)
(em?)

E, E,— 015eV  ~~10-15 90 V + O (A-centre) [3 to 5, 10, 12 to 14,

18, 19]

E, E,— 021eV  3.53 x 1077 115 Vs [3 to 5, 19, 20, 22]

E, E,— 0.28e¢V  0.91 x 10-16 120 V-related centre 3, 20, 30, 31]
5.03 x 1016 (V,0, V+0C)(?)

E, E,— 0.33eV  8.81 x 10~V 120 V,-related centre [4, 5, 32, 33, 34]

(V,0,) (?)

E; E,— 045eV 1.1 x 10-16 272 V 4+ P (E-centre) [3 to 5, 9, 18, 20,

3.17 x 1016 Vs 22 to 27]

a . .
) Temperature where the capture cross-section analysis was made.
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acceptor character of the A-centre has also been inferred [13] by monitoring, during
irradiation, the resonance of the trap and that of phosphorus in phosphorus-doped Si.
We should notice, however, that a careful study of the A-centre signal presented in
[10] reveals small shifts of the peak position towards lower temperatures with increas-
ing reverse bias. In our measurements a small enhancement of the electron emission
rate by the junction electric field was also observed. Fig. 1 shows two temperature
scans for different regions of the depletion charge layer specified by different ampli-
tudes of the two applied filling pulses. The position of the E, peak shifts to lower tem-
peratures for higher electric fields. These observations are not consistent with a Poole-
Frenkel model employing a Coulomb potential since such a potential between a defect
state which becomes neutral after emission and a charged carrier simply does not
exist. Irmscher et al. [14] have also observed an influence of the electric field on the
emission rate of the A-centre and they explained their results with the phonon-assisted
tunneling model {15] However, the agreement between their experimental data and
the theory was implying the use of values for the fitting parameters, the physical
meaning of which needs further investigation. In their model they have used a pure
Dirac potential well. It is known that various potentials exhibit quite different field
dependences [16]. Deep centres are expected in general to be non-Coulombic. Lax [17]
in order to account for the capture of carriers by neutral impurities used a polarization
potential of the form U(r) = —A/r'. Neglecting the Jahn-Teller distortion the
V + O pair is virtually an oxygen substitutional and a polarization potential could be
assigned to it [18]. Certainly, in reality more general barrier shapes should be consid-
ered. We believe that the polarization potential deserves considerable attention as
a physically plausible idea when trying to explain the electric field dependence of the
A-centre.

3.2 E; —045 eV

Secondly we shall comment on the E; level at £, — 0.45eV. From the plot of
In (S — 8,) versus t,, which gave two straight branches, it is inferred that two centres
with close energy positions in the gap but different capture cross-sections contribute
to the formation of the corresponding DLTS peak. These centres according to previous
reports [5, 19] should be the P 4 V pair usually called E-centre and the single negative
charge state of the divacancy V3. It is worth noticing that these two centres have also
been identified as producing separate neighbouring peaks in the DLTS spectrum [20].
The energies assigned to both centres range in the literature from %, — 0.38 eV to
E, — 0.48 ¢V. Reported capture cross-section generally give [5] a larger value for the
P - V pair than for the V3. Therefore, we may tentatively correlate the measured
value 1.1 x 1071 cm? of the capture cross-section with the E-centre and that of
3.17 x 1017 ¢m? with V3.

It is worth noticing that recent DLTS measurements combined with minority cur-
rent injection have revealed [21] the presence of a third trap, tentatively attributed
to a phosphorus-carbon (P 4- C) pair, which also contributes to the same DLTS peak
as the P + V pair and V3. This defect, however, appears as a major radiation-induced
defect in heavily-doped silicon material (n = 10'® cm~3) which is not our case here.

3.3 E, —0.21 eV

The defect state B, (£, — 0.21 eV) is not well understood so far. There is a general
tendency in the literature to correlate it with the doubly negative charge state of the
divacancy on the basis of introduction and annealing rate data [22]. The proportional-
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ity of the strengths of the DLTS signal of the B, — 0.23 eV and F, — 0.41 eV levels
at different depths is a strong indication that they originate from different charge
states of the same defect centre [20]. However, there are some controversies and points
of confusion as regards these assignments. From photoconductivity studies [23],
for example, it has been found that the divacancy-associated states in n-type Si are
at B, — 0.39eV and H, — 0.54 eV whereas the level at £, — 0.22 eV has shown a
behaviour not associated with the same divacancy transition exhibiting by the other
two levels. The infrared optical absorption peak at 0.34 eV in Si is usually associated
with V5. Recent optical studies [24] have shown that when this charge state is po-
pulated by electrons a defect level at £, — 0.54 eV is one of the levels from which
these photoexcited electrons originate. It is worth noticing at this point that a recent
theoretical analysis of experimental data [25] has concluded that assignments to the
divacancy of levels different than those at B, — 0.23 eV and Z, — 0.39 eV in the
upper half of the band gap should be considered as incorrect. On the other hand, the
observation that capacitance measurements gave different introduction rates for the
levels at B, — 0.23 eV and E, — 0.39 eV has been used [9] as an indication that these
levels belong to different defects. A possible solution of this contradiction could be
the fact that two defects are the source of the peak at B, — 0.39 ¢V although only
one capture cross-section is reported there.

Uniaxial stress-DLTS experiments for a level at K, — 0.23 eV observed in neutron-
irradiated n-type Si have also shown results [26] which could hardly be reconciled with
the divacancy. Defect profiling measurements [27] have also cast strong doubts on
the assignment of the &, — 0.25 eV level with V3. Measurements of the temperature
dependence of the Hall coefficient [28, 29] have shown that a defect state at K, —
— 0.22 eV might be correlated with the V,0 complex in vy-ray- and electron-irradiated
n-Si.

The exceptionally large capture cross-section (o = 2 x 10-18 cm?) for electron trap-
ping on level , — 0.23 eV has led Kimerling [3] to consider its attribution to V3 as
somewhat dubious. Moreover if E, is related to V3, it should have a much smaller
capture cross-section than that of Vz. These facts point against a Coulomb potential
for the divacancy. Indeed, the divacancy is considered as highly distorted and the
Coulomb force may not be the important factor in the process of electron capturing
[22]. In addition to the repulsive Coulomb-like potential the electron may also ex-
perience a contribution of an attractive potential of unknown nature. It has also been
proposed [18] that the divacancy may have a dipole or even a quadrupole potential.
This suggestion seems quite reasonable since this defect is formed when two neigh-
bouring Si atoms are knocked out and the lattice is reconstructed such that there
is a clear charge separation. We should also note that a weak electron field dependence
of the emission rate reported [18] for the two V, levels at E, — 0.23 eV and E, —
— 0.41 eV has not been observed in our studies. It is obvious that a complete under-
standing of the electrical activity of V, needs further investigations.

34 E; —0.28 eV and E; —0.33 eV

These two distinct defect states will be discussed together since only speculative as-
signments exist in the literature for levels in this energy region. A defect state at
E; — 0.30 eV has been tentatively correlated previously with the V,0 centre [3, 30].
A broad peak possibly originating from the contribution of two overlapping centres
has been detected at £, — 0.31 eV [20, 31]. The first centre has been correlated with
gold complexes on the basis that gold is the material of the Schottky contact. The
second level has been tentatively attributed to a vacancy and carbon-related complex.
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In connection with the E, level at B, — 0.33 eV we should notice that an unidenti-
fied level has been reported in this position previously [4, 32, 33]. A centre at E, —
— 0.34 eV was considered as V,-related [5]. A level with activation energy K, —
— 0.36 eV has been tentatively assumed to be the V,0, complex [34]. The present
data do not allow a certain identification of the emitting centre. It might be a complex
comprising a primary defect in association with other lattice imperfections. This
assumption is reasonable since secondary processes are of primary importance in the
formation of stable defects in room-temperature irradiated silicon.

In conclusion, we have investigated the electrical properties of the levels appearing
in irradiated Si. Although a large amount of information has been gathered during the
last twenty years and substantial progress has been achieved the complete picture is
still lacking. The large capture cross-section of V3 is not yet fully understood. The
exact chemical identity and microscopic structure of other defect states usually ap-
pearing in the spectra is not known. Further investigations based on a combination of
experimental techniques is needed to resolve the remaining problems.
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