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Abstract. 400 kV high resolution electron microscopy (HREM), deep level transient spectroscopy (DLTS) and
steady state electrical measurements have been applied to £37(610) and £29(520) [001] tilt grain boundaries
(GBs) in germanium bicrystals. The atomic boundary structures were revealed by experimental HREM images
taken under different defocus conditions. Later, structure models were refined by means of a trial-and-error method
applying alternatively the image simulation and the molecular static calculation of relaxed structures. The structures
were shown to be consistent with the modified structural unit model. Although the structures are different for the
two GBs studied, DLTS data and steady state measurements were found to be quite similar for both GBs. Thus,
the results point to the extrinsic origin of localized deep states at the GBs. The analysis of DLTS spectra indicates
the impurity segregation at the boundary, e.g., the formation of vacancy-type oxygen complexes of a donor-like
state at E.-0.21 eV, which results in the fluctuation of the potential barrier. Defects in the GBs—Ilike facets, atomic
steps and secondary grain boundary dislocations—which are characteristic of both boundaries can act as nuclei to

the impurity segregation.

1 Introduction

The great interest in the atomic structure of grain
boundaries (GBs) is based both on the practical appli-
cation of polycrystalline semiconducting materials and
on the fundamental aspect of the relationship between
their physical properties and structures [1-3]. For most
of the tilt GBs EBIC, DLTS and capacitance measure-
ments were found to demonstrate similar features so
that there had been no evidence of a correlation between
the intrinsic GB structure and the electronic proper-
ties [2]. Consequently, the latter should be attributed
to extrinsic processes like point defect agglomerations
and/or segregations of impurities. Nevertheless, the in-
trinsic atomic structure influences the point defect ag-
glomerations so that further investigations will be nec-
essary to substantiate these conclusions. During the last
years many experimental studies as well as calculations
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of the structures and energies of symmetrical [001] tilt
GBs in silicon and germanium have been carried out
[4-11], particularly in connection with 400 kV HREM
(see Table 1). More than one stable, energetically re-
laxed structure has also been found for most of the grain
boundaries [8—10]. The present paper describes TEM
studies as well DLTS and steady state electrical mea-
surements of £37(610) and £29(520) [001] tilt GBs
in germanium, thus fulfilling two positions in Table 1.

2 Samples and Techniques

The germanium bicrystals were Czochralski-grown on
double seeds. Bicrystals were mostly undoped, or do-
ped with Sb at a concentration of 3 x 107"* cm™, The
dislocation density in their bulk was about 10* cm™2.
Two precisely oriented seeds (within 0.1 degree) were
used. The starting material for the growth experiments
was FZ germanium of high purity.

The bicrystals were cut into plates both perpendic-
ular and inclined to the rotation axis [001], then they
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Table 1. [001]tilt grain boundaries in Ge (or Si) observed by TEM

GBplane ¥ ®& CSLperiod « k;/3k; Reference

(k1, k2, 0) ) d (nm)

910) 41 1268 257 05 =1 [10]
(710) 25 1626 2.0 05 >1 [10]
(610) 37 1892 17 1 > 1 .
(510) 13 2262 144 05 >1 [10]
(310) 5 3687  0.90 05 =1 [5]
(520) 29 43.6 15 1 <1 -
(320) 13 67.6 2044 1 sl [8]
(1130) 65 31 3.23 05 <1 [8]

*Present paper

were mechanically polished on both sides and chem-
ically thinned down to 100-150 pm. Circular disks
of 3 mm in diameter were cut from the plates so
that the boundary runs across their centres. Finally,
the disks were thinned by means of chemical etching
or ion milling until a hole appeared. JEM-7A (100
kV) and JEM-4000EX (400 kV) microscopes were
used to determine the structure of the boundaries. The
JEM-4000EX electron microscope (spherical aberra-
tion coefficient C; = 1 mm) was equipped with a
+15° goniometer stage. More than nine beams were
used for imaging the atomic structure. Experimental
images taken under different defocus conditions were
analysed to deduce the geometrical structures present
in the boundary core. Thus, several hypothetical struc-
tures were chosen to start computer calculations of re-
laxed models and the simulation of the HREM images
using the CERIUS programme package [12]. A trial-
and-error procedure [5] was applied to adjust simulated
images to experimental ones.

Samples of 3 x 3 x 9 mm? in size were prepared for
electrical measurements so that the boundary passes
through the centre of the 3 x 3 mm? face. Both types
of samples were studied, i.e. those protected by wet-
resistant lacquer to avoid surface ageing (I-type) as well
as the unprotected (II-type) ones. Capacitance mea-
surements and DLTS scans were performed over the
temperature range of 70-300 K using a RF admittance
bridge.

3 Geometrical Analysis of the Boundary
Structure

From the geometrical point of view [6, 10] the major-
ity of the boundary parameters can be deduced from
a couple of integers (kj, k2) which completely de-
scribe the boundary geometry. Indeed, the normal to

the boundary plane isn; = [k, k, 0], the interface pe-
riodicity d, is equal to ae[—k», k1, 0] and the Z-value
is equal to e (k7 + k3). The a-value is equal to 0.5 if k,
and k, are odd and 1 otherwise. While the boundaries
previously reported [5, 10] (see Table 1) have @ = 0.5,
in the present paper « is equal to 1 for both boundary
types.

According to the symmetry of diamond-like crystal
lattices, the singular geometrical description requires
the restriction on k and k; value so that,e.g., k; > ks >
0. The value k| = 3k, corresponding to the £5(310)
[001] grain boundary divides all [001] tilt boundaries
into two domains (with k; > 3k, and k; < 3k,) [10].
Most of the experimental results have been obtained
for the first domain (see Table 1). In the present paper
the £37(610) GB belongs to this (k; > 3k;) while
the £29(520) boundary belongs to the second domain
(ky < 3k3), and one can expect noticeable difference
in their structures.

In accordance with the structural unit model [6-11],
the boundary core can be represented either by a pe-
riodic sequence of a mixture of trigonal-pentagonal
units (A or B), by distorted cubic (perfect) ones (p), or
equally well by the cores of grain boundary dislocations
(GBDs) with a Burgers vector of the type 1/2(110). In
the notation of Rouviere and Bourret [10], A-units cor-
respond to the core of edge dislocations while B-units
correspond to 45° ones. Depending on the chirality
and the orientation of these units 16 different dislo-
cation cores were revealed [8—11], resulting in many
possible variants for the boundary structure. For ex-
ample, the decomposition of the GBD Burgers vector
of (100) type into two A- or B-units leads to a zigzag
(Z) or symmetrical (S) boundary model, respectively,
in addition to the ambiguities possible as a result of the
rearrangement of bonds.

4 Electron Microscopy Study of Real Boundary
Structure

The TEM studies show a real structure of the GBs
which differs from the ideal structure described above
by the presence of defects. The most important de-
fects are facets and atomic steps on the boundary plane
which are usually connected with the presence of lattice
dislocations in the GB plane as well as secondary grain
boundary dislocations related to the misorientation of
the grains from the exact lattice coincidence. '
The different bicrystals studied show various de-
grees of boundary plane faceting (see Figs. 1 and 2).
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Fig. 1. (a)-(c): TEM images of the £37(610)/[001] grain boundary (weakly faceted) at different inclinations to the transmitted beam: bright
field (BF) images of inclined GB (a) and GB in edge-on orientation (b), (c) — 400 kV-HREM image. The arrows indicate secondary GBDs.

Figure 1 shows micrographs typical of the weakly
faceted boundary taken at different magnification and
different inclinations to the transmitted beam. Both pri-
mary and secondary dislocations are revealed as rows
of lines parallel to the tilt axis [001].

A faint oscillatory contrast in the inclined boundary
plane is shown in Figure la. The secondary disloca-
tions in the image are revealed as regions of brighter
contrast, each at the place of two primary lines. The
periods of the primary and secondary dislocation spac-
ings are 1.7 nm and 15-25 nm, respectively. Figure 1b
shows an image of the boundary in edge-on position. A
sequence of black dots corresponds to the arrangement
of primary dislocations in the GB. The secondary dis-
locations are localized inside some of these dots thus
reducing their size (marked by arrows). The weak dark
contrast appears at such dots due to the strain fields of
the secondary dislocations located there.

The TEM images of Figs. 1-2 also show steps in
the GB plane. Most of them exhibit a brighter contrast

(Fig. 1a). HREM images show the presence of lattice
dislocations at the steps (see, e.g., Fig. 1c).

It turned out that the surface of a strongly faceted
boundary is corrugated consisting of a set of planar
regions of 20 to 500 nm in extension, both symmetric
and asymmetric. The latter are deflected from the sym-
metric position by an angle up to 20 degrees (Fig. 2a).
Some of the boundaries consist of alternating asym-
metric parts close to the (100),//(310), orientation
of the first grain related to the second one, and vice
versa. According to the coincidence site lattice (CSL)
for £ = 37, these planes have a high density of atoms.
In the plan-view image presented in Fig. 2b a strongly
faceted boundary is shown as a terrace-like surface,
which consists of planar regions separated by steps.
The latter are fragments of both asymmetric tilt bound-
aries and twist ones. The fragment of a twist facet is
shown in Fig. 2c.

Figure 3 shows typical images of the £29(520)/
[001] GB for different orientations. While defects—
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Fig. 2. (a)~(c): Strongly faceted £37(610)/[001] boundary at different inclinations to the transmitted beam: BF electron micrographs of the
edge-on oriented GB (a), of the GB in nearly plan-view (b) and of a twist facet which is normal to the [001] tilt axis (c).

like facets, atomic steps, primary and secondary GBDs
similar to £37(610) boundary type—have been ob-
served, the real structures of the boundaries look
rather different (one can compare, e.g., Figs. lc and
3c). Indeed, a comparison of the atomic structures of
237(610) and X£29(520)/[001] boundaries shown in
Fig. 4 also confirms this conclusion.

Figures 4(a) and 4(d) demonstrate typical image-
processed HREM micrographs of X37(610) and
£29(520)/[001] boundaries, respectively. In the im-
ages, the very thin crystal regions near the hole were
exposed where the crystal thickness did not exceed 300
A. The exact thickness determination was rather dif-
ficult owing to the bending of the foil near the hole
and morphology roughness at the boundary (groove
effect) during the chemical etching. The typical thick-
ness was approximately in the order of the extinction
distance & (=250 A), i.e. in the range of 180-280 A,
because of foil stability under the beam. The defo-
cus applied was about —70 nm in Fig. 4(a) and about
—80 nm in Fig. 4(d). Here we rely on the convention
that under-focus is negative whereas over-focus is pos-

itive. It was hard to determine the exact value of the
under-focus to a high degree of accuracy because the
amorphous edge of the specimen was slightly bent so
that it could not be used for the correct defocus deter-
mination. The estimation of defoci was made using
the amorphous rings presented in the digital diffrac-
tograms (see, e.g., inserts in Figs. 4(a) and (d)). The
thickness and defocus values were also corrected dur-
ing the matching of the simulated images to experi-
mental ones described below. The above mentioned
image processing has been applied to the micrographs
in order to increase the contrast of boundary cores.
The crystalline reflections (altogether 24) in the digi-
tal diffractograms (see inserts in Figs. 4(a) and (d)) of
the experimental images were masked by small region
filters (the image size usually was 1024 - 1024 pixels).
The inverse Fourier transform provided the enhanced
images (Figs. 4(a) and (d)), which differ from the origi-
nal micrographs by the effect of scattering from the thin
amorphous layer on the surface. Plane squared lattices
were drawn for both grains to deduce the simple ge-
ometrical model of GBs and to determine their rigid
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Fig. 3. (a)~(c): Electron micrographs of the £29(520)/[001] grain boundary at different inclinations to the transmitted beam: bright field
(BF) images of inclined GB (a) and GB in edge-on orientation (b), (¢)-400 kV-HREM image. The arrows indicate secondary GBDs.

body translation (RBT) in the image plane. A larger
RBT value was found for the £29(520)/[001] bound-
ary whereas the £37(610)/[001] boundary showed a
relatively small RBT. Thus, the atomic structures of the
GBs under consideration are rather different.

5 Image Simulation and Structure Modelling

The atomic models of the GBs were proved by inter-
preting HREM micrographs of different defoci. The
models were then refined by means of a trial-and-
error method applying alternatively the image simu-
lation and the molecular static calculation of relaxed

structures. The generation of GB models as well,

as image simulation were carried out by using the
CERIUS programme package [12]. A certain com-
bination of a Morse-type pair potential with an angu-
lar energy term, which was as close as possible to a
modified Tersoff-pair potential [13], was chosen for
the molecular static simulation of the structure relax-
ation of the initial geometrical model. Multislice image

simulations (CERIUS program package, [12]) were
performed for relaxed models in order to fit the cal-
culated HREM images to the experimental ones. The
corrections of the initial geometrical model were made
based on the analysis of the difference between cal-
culated and experimental images. This procedure was
repeated to attain the best match of calculated images
(Figs. 4(b) and e)) with the experimental ones (Figs.
4(a) and (d), respectively). The final results of the pro-
cedure were considered to be the most reliable models
(Figs. 4(c) and (f)) with respect to the GB type, the
crystal thickness and the image parameters. Compar-
ing the boundary models of Figs. 4(c) and (f) reveals
the difference in the atomic structures of the GBs under
study, implying also different electronic properties of
these types of GBs.

6 Electronic Properties of GBs

GBs of highest structural perfection (weakly faceted
GBs) were selected for DLTS and other electrical
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Fig. 4. (a)-(f): Image-processed HREM micrographs of £37(610)/[001] (a) and £29(520)/[001] (d) boundaries and corresponding computer
simulated images ((b) and (e), respectively) which were calculated using the boundary models shown in (c) and (f), respectively. Reference
points are marked in the images by small dark circulars. Original micrographs were taken at defoci 8y of —70 nm and —80 nm, respectively.
Simulated images were calculated at the thickness ¢ and defoci &j in nm: 27.2 and —70 (b) 18.1 and —80 (e), respectively. Accelerated voltage

U = 400 kV, spherical aberration coefficient Cs = 1 mm, beam spread ap) = .5 mrad, aperture size « = 16 nm~".
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Fig. 5. Current-voltage (I-U) dependences of £37(610)/[001] GB (sample I) at various temperature, T in K: 208(1), 226(2), 252(3). Inserted

is the sample scheme.

measurements. DLTS spectra and steady state elec-
trical characteristics were found to show a similar be-
havior for both boundaries studied. The current-voltage
(I-U) dependences close to room temperature exhibit
a current structure for both current directions (Fig. 5).
If the temperature is reduced, at low bias voltages (U) a
sublinear increase of the current is observed changing
to superlinear with increasing bias. Typical tempera-
ture dependences of the zero-bias resistance R’ and
the resistance R measured across the GB are shown in
Fig. 6a. The activation energy derived from the Arrhe-
nius plots in the temperature range of 230-300 K is

0.74 £ 0.05 eV for different samples. For T < 230
K, the activation energy decreases as it approaches
0.39 eV.

Figure 7 presents typical DLTS spectra. The spec-
tra measured for a pulse amplitude of U’ > 0.3 V are
asymmetrically shaped peaks with a characteristically
low-temperature tail. The temperature dependences of
the capacitance recovery time constant derived from
DLTS spectra are shown in Fig. 6b (corresponding
curves are labelled by the same numeral). The re-
laxation is exponential only for a small pulse ampli-
tude (U' = 0.05 V), with the corresponding activation



218 Ruvimov et al.

1
a 3 b
2
107 101 F 4 o/
£ /
=
3 rs
é‘ 106 - :’, 1021
&
-4
1051 1031 j
[} 1 L] 1 ] 1 I
4.0 5.0 4.0 5.0 6.0
103/T, K-

103/T, K1

Fig. 6. (a-b): Temperature dependences of the zero-bias resistance R'(U = 5 mV), resistance R of U = 0.5 V, differential resistance R"
of U = 1 V(a), and capacitance recovery time constant (b) as derived from DLTS spectra in Fig. 7. Pulse amplitude, V: 0.051, (1, );
0.3(2, x); 0.6(3, A); 1(4, 0).
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Fig. 7. DLTS spectra of the £37(610)/[001] GB. Frequency—150 kHz, rate window—S5. 16 ms, duration of pulse—1 ms, bias voltage U=0,
pulse amplitude, V: 0.05 (1, =); 032, — =) 0.6(3,---); 1(4,--).



energy being 0.74 + 0.04 eV for different samples.
There is a correlation between the slopes of the tem-
perature dependences log R, R(1/T) andlog T(1/T).
At low U’, the values of T and R'C’ are comparable,
with C’ = 3. 107'° pF being derived from the tem-
perature dependence of the capacitance. There is also
a correlation between the temperature shifts of these
dependences as U and U’ are increased. An increase
of U' to 1 V results in a decrease down to 0.21 eV of
the slope of the log t(1/T) dependence in the low-
temperature part, which corresponds to the slope of the
temperature dependence of the differential resistance
log R"(1/T) measured at / = 1 V.

The equal values of t and R'C" allow one to suggest
that the observed DLTS spectra are not associated with
the thermal emission of charge carriers from the GB
states to the band. They rather reflect the decay of the
excess charge at the GB owing to the conduction cur-
rent across the barriers on both sides of the GB when
the voltage is dropped to zero. The observed activation
energies of 0.74 4+0.04 and 0.39 eV, which are close to
the width of the forbidden gap E, and E, /2, are re-
lated to both the thermal generation of electron-hole
pairs in the quasi-neutral and the depleted regions of
the bicrystal. The activation energy of 0.21 eV is re-
lated to the “leakage” conductance across the boundary.
In connection with DLTS measurements the equivalent
circuit of the bicrystal can be represented in the form
of two oppositely connected n- p-junctions shunted by
a “leakage” conductance. For small U’ values, the tran-
sition processes are determined by the value of R'C’,
and for large ones, they are determined by the depen-
dence on the voltage of each current component. One
_ of the possible explanations for this are the GB bar-
rier fluctuations owing to the spatial distribution of
the point defects forming the regions with a high re-
combination activity. The activation-assisted conduc-
tance at the activation energy of 0.21 eV is associ-
ated with donor-like centres at £.-0.21 eV belonging
to vacancy-type oxygen complexes—their concentra-
tion correlating with the dislocation density [14]. This
permits one to propose the following model of the
potential barrier fluctuations arising at the boundary
[15]. The position of the Fermi level at the boundary
determining the barrier height is known to be close
to the top of the valence band. It seems reasonable
to assume that the donor states of the oxygen com-
plexes in the GBs lead to a compensation as simi-
larly happened for the boundary acceptor states, thus
pinning the Fermi level near E.-E,/2-0.21/2, or E,-
0.21 eV.
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7 Discussion

The atomic models of the £37(610) and £29(520)/
[001] GBs are consistent with predictions of the mod-
ified structural unit model (SUM) [8, 10]. Using the
SUM notation, the structure of the £37(610)/[001]
boundary can be represented by various combina-
tions of (2A, 3p) or (2B, 3p) units, or their mixture.
The analysis of images of a weakly faceted bound-
ary shows that the (B, p, B, p, p) sequence (S-type
model) seems to be a better model than the Z-type one
[11] as the first approach to the boundary structure.
The S-type model is equivalent to the dissociation of
the primary edge dislocation into two 45° partials.

The variations of the primary period from 1.7 to
1.45 nm have been observed in HREM images of
£37(610)/[001] GB at the locations of secondary
GBDs (every 10-15 primary periods for weakly faceted
GB). Such variations of the primary period could also
be described as local irregularities of the arrange-
ment of structural units, While the basic period is
equal to d = a/2[610] the deviating one is equal
to d’ = a/2[510], i.e. the latter corresponds to the
¥ 13(510)/[001] grain boundary. All primary dots are
slightly elongated in a trace direction indicating the
dissociation of the primary dislocations (see Fig. 1b).

A geometrical analysis predicts a (3A,2p) or a
(3B, 2p) sequence of structural units for the £29(520)
boundary core. The present results show that the
structure is more complex (see Fig. 4(f)) and the Z-
type model is likely to be more probable, which is in
contrast to the results of Rouviere and Bourret [10]
where the S-model was found to be more reliable for
the similar £13(320) GB.

While the £37(610) and £29(520) [001] tilt grain
boundaries in Ge investigated in the present paper dif-
fer in their atomic structure, they show similarities in
their electronic properties. The typical distance of sec-
ondary GBDs are found to correlate with the average
charge spacings (~15-25 nm) deduced from the capac-
itance values. The excess conductance and capacitance
of a bicrystal result from fluctuations of the potential
barrier. The latter can be explained by the compen-
sation of dislocation-related acceptor states by donor
states of the oxygen complexes. Thus, obviously the ef-
fects of extrinsic boundary structure masks the intrinsic
electronic properties of the GBs under consideration.

These conclusions concerning the Ge bicrystals are
in good agreement with the previous results of Werner
and Strunk [ 16] on Si bicrystals, pointing to the correla-
tion between the charge sites within the grain boundary
and the spatial distributions of secondary dislocations.
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8 Conclusions

Grain boundaries in Ge bicrystals grown by the
Czochralski method on a double seed have been in-
vestigated to clucidate the relationship between their
atomic structure and electronic properties. Based on
400 kV HREM imaging and further image processing,
the models of the boundaries under study have been
deduced. The atomic models have been refined by
means of a trial-and-error method [4] applying alter-
natively image simulations and molecular static calcu-
lations of relaxed structures, using the CERIUS pro-
gramme package [12]. The structures of the £37(610)
and £29(520) [001] tilt GBs have been found to be
consistent with modified structural unit models and to
be rather different for these two types of GBs.

DLTS data and steady state measurements were
found to be quite similar for both GBs. The analy-
sis of the DLTS spectra points to impurity segrega-
tion at the boundary and enables the explanation of
the fluctuations in the potential barrier by the forma-
tion of vacancy-type oxygen complexes of a donor-like
state at E.-0.21 eV. Defects in the GBs like facets,
atomic steps and secondary grain boundary disloca-
tions (GBDs), which are characteristic of both bound-
aries, can act as nuclei to the impurity segregation. The
typical distances of GBDs in both types of boundaries
were found to correlate (the same order of magnitude)
with average charge spacings deduced from the capac-
itance measurements. Thus, the present results give
evidence of the extrinsic origin of localized deep states
at the GBs.
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