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Résumé. — Nous étudions les états li€s aux joints de grain dans les bicristaux de InSb de type p ou
les couches d’inversion adjacentes aux joints de grain contiennent un gaz d’électrons a deux
dimensions. La distribution énergétique et spatiale de ces états est obtenue en ajustant la
structure des sous-bandes & deux dimensions aux résultats expérimentaux. La densité totale
n, de la couche d’inversion et celle de la sous-bande n = 1 sont obtenues a partir de mesures de
magnéto-transport. n, décroit rapidement quand on applique une pression hydrostatique. En
analysant cette variation on évalue la densité des joints de grains 2 1,5 x 10> cm~2 eV~ ! dans une
gamme d’énergie comprise entre le bas de la bande de conduction et 90 meV au-dessus de celle-ci.
Des calculs numériques réalisés & partir d’'un modele théorique relativement simple indiquent
Iexistence de deux types d’états ionisés liés aux joints. Des états chargés positivement de
caractére donneur sont localisés au centre du joint avec une densité de 4,22 x 10" cm~? ; des états
chargés négativement ont une plus grande extension spatiale avec une densité de
2,27 x 102 cm™2. On discute l'origine possible de ces états.

Abstract. — The spatial and energetic distribution of grain boundary interface states in p-doped
InSb-bicrystals with an n-inversion layer adjacent to the grain boundary is determined by fitting
the calculated two-dimensional subband structure of the inversion layer to the experimentally
obtained data. The total density of inversion electrons n, and the subband occupation
ng are established by magnetotransport measurements. A rapid decrease of n, is observed when
hydrostatic pressure is applied. By analysing the pressure dependence of ng an energetic density of
grain boundary states of 1.5 x 10 cm~2eV~! was evaluated for the energy range from the
conduction band edge up to 90 meV above it. Calculations performed within a numerically simple
model indicate the existence of two types of ionized grain boundary states : positively charged
donorlike ones localized in the grain boundary core with a density of 4.22 x 10> cm~2 and
negatively charged ones spatially more extended with 2.27 x 102 cm™2. Some possible reasons for
these interface states are discussed.

1. Introduction.

During recent years the knowledge about grain boundaries (GB) in semiconductors has made
€normous progress, eg. see [1-4].

Electronic properties of polycrystalline semiconductors are strongly influenced by GBs and
other internal interfaces [3, 5, 6]. The main electronic effect of GBs is the formation of
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potential barriers due to grain boundary interface states (GBS). In some cases the height of
the potential barrier for majority carriers may have such a high value that an inversion layer is
formed which shows typical features of a two-dimensional electron gas (2 DEG). The
existence of such natural quantum wells was first detected in n-Ge bicrystals [7]. Subsequently,
other systems have also shown such a behaviour, eg. p-InSb bicrystals [8] or GBs in p-
HgCdMnTe [9]. Figure 1 shows schematically the energy band scheme of a p-type bicrystal
with an electron inversion layer adjacent to the GB. The GBSs are located in the vicinity of
the GB plane but they are distributed over a wide energy range. Three types of GBSs have to
be considered : negatively charged acceptor-like GBSs (ionized) in the lower part of the
energy gap, neutral donor-like GBSs (occupied) in the upper part and positively charged
donor-like GBSs resonant to the conduction band.

grain boundary plane

electron
inversion

Energy

charged

donor like
interface states

neutral

acceptor like
interface states -
charged

Distance from grain boundary plane

Fig. 1. — Schematic representation of charges and band bending in the vicinity of a GB in a p-type
semiconductor with an inversion layer adjacent to the GB plane at z = 0.

The inversion layer adjacent to GBs in p-InSb bicrystals was studied systematically by
magnetotransport measurements with and without hydrostatic pressure [8, 10, 11], by
cyclotron resonance experiments [12] and by thermopower investigations [13]. Shubnikov-de
Haas (SdH) experiments under high hydrostatic pressure have shown a linear decrease of the
total inversion electron density n, and of the subband occupations ng as well with increasing
pressure [14], cf. figure 2.

The aim of this paper is to determine the energetic and spatial distribution of the GBSs by
fitting theoretical calculations of the 2D subband structure of the inversion layer to the
corresponding experimental results. The energetic distribution of the GBSs is deduced from
the high pressure experiments whereas the spatially structured distribution of the GBSs will
be derived by fitting the theoretical subband occupations to the measured ones.

The paper is organized as follows : In section 2 the experimental results of the 2D subband
structure of InSb bicrystals are summarized. Section 3 is dedicated to a description of the
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Fig. 2. — Inversion electron densities per unit area as function of hydrostatic pressure p (from [14]).
ng is from low-field Hall coefficient, n,, n,, and n,, from SdH oscillations, n,; (for p = 0) from
theoretical estimations. Circles - experimental values.

theoretical models. Results on the spatial and energetic distributions of the GBSs are given in
section 4. The discussion is performed in section 5. Finally, section 6 is devoted to a summary.

2. Experimental results.

The InSb bicrystals used in our experiments were grown by the horizontal zone melting
method with a double seed technique. In this paper we analyse the experimental results
obtained from a 13° symmetrical B-GB with [112] rotation axis and (110) symmetric GB
plane. The bulk excess acceptor concentration N, =5 x 10 cm~2 and the hole mobility
B =4.6 x 10°> cm? Vs~ ! were determined from the Hall constant measured at 77 K.

For analysing the 2D subband structure of the electron inversion layer SAH experiments at
liquid helium temperatures and low field Hall measurements up to 77 K were performed.

From the periodicity of the SdH oscillations the electron densities ng of the occupied
subbands may be evaluated

e
= 1
i = TR A,(1/B) )
The obtained total inversion density 7, the subband occupations ng, and the cyclotron masses
deduced from the temperature dependence of the oscillation amplitude are reproduced in
table I. The sum of the occupations 1.63 x 10> cm~? agrees very well with the total inversion

density derived from the low field Hall coefficient n, = 1.6 x 102 cm™2.

For measuring the electrical properties under high hydrostatic pressure up to 10° MPa the
bicrystal sample was mounted in a high pressure piston-cylinder apparatus. The experiments
are described in detail elsewhere [8, 11, 14]. In figure 2, the measured densities
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Table I. — Total electron density per unit area n,, subband occupations ng and cyclotron
masses mg; of the inversion layer adjacent to the GB (from [10, 11]).

Subband index i| ng4/10" cm~? my/m,
0 10.7 + 0.2 0.026 + 0.003
1 3.5+0.2 0.016 + 0.004
2 1.8+0.2
3 0.4+0.2

ng=16.0 x 10" cm™2 = Sng = 16.3 x 10 cm~2

ns and ng are shown as a function of hydrostatic pressure. n, and ng decrease nearly linearly
with p. The pressure dependence of n, can be approximated by

ny(p) = (1.56 — 0.23 x p /10> MPa) x 102 cm~2. @

3. Theoretical model.

Magnetotransport experiments as described above deal only with concentrations of free
carriers. Because there is no direct measurement of localized charges in the vicinity of the GB
plane one has to deduce the interface charge distribution from the experimental values within
a theoretical model.

The basic problem consists in calculating the conduction band bending, that means the
space charge potential V (z) (z-direction is perpendicular to the GB plane). Potential
fluctuations along x- and y-directions which have been discussed for MIS systems [15] and also
for GBs [16, 17] are disregarded in our model ; the GBSs are assumed to be homogeneously
smeared out in the GB plane. V (z) is directly correlated with the spatial distribution of
charged GBSs along the z-axis and may be obtained by numerical integration of Poisson’s
equation

2 2
g_:1/7(22_)=é‘e—(p(Z)—n(Z)+P(Z)—NA) (3)

n(z) and p(z) are electron and hole concentrations, respectively. N, is the effective
homogeneous bulk doping and p (z) the interface charge concentration due to GBSs. For low
temperatures p(z) vanishes in the depletion and inversion layer near the GB. n(z) is
calculated using the envelope function method in the one-band approximation and the
Thomas-Fermi method. Consequently, n(z) can be expressed as a function of V' (z). The non-
parabolicity of the InSb conduction band is taken into account within Kane’s model [41].
Thus, integration of (3) gives simultaneously n(z) and V (z). In addition, the following
boundary conditions must be fulfilled : The potential V(zf is constant in the bulk

(zoxo0); further V(z) = V(-2z), V'(z=0)=0, and n, = | dz n(z) is obtained by Hall

measurement. Charge neutrality in the whole bicrystal has to be guaranteed.

Once the potential V (z) (cf. Fig. 3) is obtained by solving Poisson’s equation the 2D
subbands E;(kj) (kf = k?+ k) are calculated by the usual Bohr-Sommerfeld quantisation
scheme. The subband occupations ng, which can be compared with the experimentally
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Fig. 3. — Calculated space charge potential V (z) (conduction band bending) and subband levels
E; in the inversion layer adjacent to a GB in p-InSb bicrystals at atmospheric pressure. The total
inversion density per unit area is n, = 1.63 x 10 cm™2.

“observed quantities, are then determined by means of

1

=5 kg2 . “4)
The Fermi wave numbers kg; are from E;(kj = kg ) = Eg. The cyclotron masses m; can be
likewise quasiclassically calculated by

mg = 0 kg; (3E; (ky )/ 9k Mk = kg - ©)

Material parameters and physical constants are as in [18].

This calculation scheme was discussed in detail elsewhere [18]. It has been proven to be
reasonably accurate for such different 2D systems like GBs [18-20] and MIS systems [26],
both in wide- and narrow-gap semiconductors.

The interface charge concentration p (z) at the GB is needed for solving Poisson’s equation
but at the same time, until now, there has been practically no information about it. Thus we
try to find a distribution p (z) which allows us to reproduce the experimentally available
quantities. The calculations, in fact, have shown that the results depend strongly on the details
of p(z), which allows p (z) to be easily determined. To find p (z) the theoretical subband
occupations ng are fitted to the experimental ones by variation of p(z) itself.

Within a first approximation the GB plane is assumed to be uniformly charged. A relatively
good agreement between theoretical and experimental results was achieved [18]. On the other
hand, some differences could not be ignored. E.g. the theoretical electron density in the
lowest subband ng, was too small by about 20 % in comparison with the experimental one ;
the corresponding values for i = 1, 2, 3 were somewhat too large [11, 18].

The fact, that the theoretical results deviated from the experimental ones particularly for
the lowest subband, suggested that the spatial distribution of the GBSs is much more complex
than in a simple charged sheet, as in our first approximation. As a generalization of this model
a square distribution extending up to some ten nanometers (like in a &doping layer [21])
could not remove this discrepancy [22]. Thus negatively charged GBSs had to be taken into
account. For the sake of simplicity two square profiles with a positive and negative sign (cf.
Fig. 1) accounting for donor- and acceptor-like GBSs were admitted for p (z) (cf. Fig. 4a).

p(z)=eN* 0(z* — |z])—eN~ 0(|z| —z7) 0(z; — |z]). ©

ng
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Fig. 4. — Spatial distribution of charged GBSs and inversion electrons n(z) in vicinity of the GB plane
at z = 0. a) (right hand side) Distribution as deduced from the calculation ; b) (left hand side) Another
possible distribution with the same net charge as in a) (the discussion is performed on the base of this
distribution). Dashed curves indicate a more realistic charge distribution than that used in our model a)
(schematically). The corresponding values of the charge densities per unit area are given.

The unknown parameters N*, N~, z*, zj, allowed a fit to the experimentally available
quantities given in table I (cf. Fig. 4a). In view of the relatively simple ansatz (6) for the GB
interface charge distribution and of the experimental errors (see Tab. I) the fit was regarded
as accomplished when the difference n&® — n" became smaller than a small percentage.
Charge neutrality in the whole system means

QIF—‘ZeZdNA—ens:O (7)
with the interface charge density
OrF=2z"eN* —2(z; —z;)eN~ ®)

z4 is the effective width of the depletion layer.
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This procedure is similar to a method of Abraham and Moses [23] who estimated the
change in a potential due to changes in the discrete spectrum of the original potential.

For the analysis of the experiments under high hydrostatic pressure p with the object to
obtain an energetic distribution of the GBSs one has to take into consideration the pressure
dependence of the InSb band structure. The energy gap E, increases with p by (from [14])

dE,/dp = 0.15 meV/MPa . )
This results in an increase of the effective mass at the band edge (from [14])
m () =mE@O) (1+0.64p/10° MPa) (10)

and a decrease of the non-parabolicity parameter a (=1 /Eg) in Kane’s band model. For the

analysis of the experimental results obtained under hydrostatic pressure, the interface charge
at the GB is modelled, to simplify matters, by a positive homogeneously charged sheet as in
(18]

p(z) =QF.8(2). (11)

The charge neutrality condition is again given by (7).

4. Results.

4.1 SPATIAL DISTRIBUTION OF THE GBSs. — The calculated spatial dependence of the
potential V (z) near the GB is shown in figure 3. It is significantly different from that obtained
with the model of a charged sheet [18] or the simple square distribution [22] for the GB
charge. The 2D subband structure in this potential well V (z) is summarized in table II.

Table II. — Calculated 2D subband structure for the potential V (z) of figure 3.

Subband index i | ny/10" ¢cm™? | Ep — E;/meV | mg/mj

0 10.5 114 0.028
1 3.7 45 0.020
2 1.7 14 0.018
3 0.4 7 0.016

The large extent of the inversion layer 2 z; = 2 . 45 nm is caused by the small effective mass
in the InSb conduction band. The depletion layer on both sides of the inversion layer extends
up to |z4| = 340 nm.

The charge distribution in the vicinity of the GB consists of four contributions, cf.
figure 4a :

(i) A large positive one confined to the GB core region with N* = 2.35 x 10'® cm~
z¥ = 6.25nm.

(ii) This contribution is partially compensated by a negative one with N~ =
7.1 x 107 cm™3 located between z; = 9 nm and z; = 16 nm.

(iii) The positive charge is furthermore screened by the inversion electrons with a
maximum concentration of 9.1 x 107 cm™3 in the GB center and a total density n, =
1.63 x 10 cm™2.

3 and
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(iv) The ionized acceptors in the depletion layers give a relatively small negative
contribution with 0.32 x 10 cm™2.

All the four charge contributions cancel each other. Consequently, charge neutrality in the
system is guaranteed. Contributions (i) and (ii) represent the interface charge density of GBSs
O (8).

Because our calculation scheme is only capable of giving the effective GB charge for any z,
compensation effects between positive and negative charges in the GB region cannot be
predicted. Therefore it is possible to construct a more physical distribution of charged GBSs
as presented in figure 4b which gives the same effective interface charge as in figure 4a and
consequently the same potential V (z). The main difference between this charge and the
former one is the constant distribution of the negative charged GBSs between — z; and
+ 2z, in contrast to the two « peaks » in figure 4a separated by the GB plane itself, and an
increased positive charge confined to the GB with a concentration N1 = 3.06 x 10 cm~3.
The discussion that follows is based on this distribution (Fig. 4b).

4.2 ENERGETIC DISTRIBUTION OF THE GB CHARGE. — In order to obtain information about
the energetic distribution of GBSs from the magnetotransport data we have calculated the
band structure of the GB region for various values of hydrostatic pressure. For the sake of
simplicity (see also below) the GB charge was modelled in this section by a positive
homogeneously charged sheet [18]. With increasing pressure the energy gap increases at a
rate as described above (9). From the calculations we found that the potential at the center of
the GB V (0) shows nearly the same pressure dependence as the gap in the bulk.

%0_) — 0.155 meV/MPa . (12)
This means that the band bending remains nearly constant when hydrostatic pressure is
applied. Because n, decreases with increasing pressure the positive net charge of GBSs
Q\r decreases. From the calculations we estimated

Qi) = Qr(0) — p x 2.1 x 10° cm™2 MPa~! (13)

with Q(0) = 1.95 x 102 cm™=2.

In figure 1 it can be seen, that the positively charged donor-like GBSs are located in the
conduction band. The other donor-like states below the conduction band edge are occupied,
and hence, neutral. A decreasing number of positively charged GBSs with increasing pressure
implies that these GBSs behave like deep levels ; the conduction band moves to higher
energies with respect to the valence band whereas the GBSs remain nearly fixed in energy.
Therefore they will trap inversion electrons when the conduction band edge crosses them, and
the net interface charge decreases together with the inversion density n,. From (12) and (13)
we can deduce the energetic density of GBSs Dr(E)

An n -n
DT(E) — s _ s(pl) s(Pz)
AV V(p) -V @)l, -
giving the value Dr(E) = 1.5 x 108 cm~2eV-! in the energy range from the conduction
band edge up to 90 meV above it.

(14)

5. Discussion.

First results on the band structure near InSb GBs were published by Mueller and Jacobson
[24]. Using a simple tight binding model and taking into account the substantial ionic
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character of the In-Sb bonds they showed that B dislocations in InSb exhibit donor behaviour.
Two impurity bands are formed by dangling bonds. The centre of the lower one is in the
valence band. The centre of the upper one and the neutrality level are localized in the
conduction band. The occurrence of bands instead of single levels are attributed to a high
density of dangling bonds.

Our results are consistent with these simple predictions. The positively charged GBSs are
ascribed to dangling bonds and/or lattice distortions in the GB core. The high concentration
N = 3.06 x 10" cm™~?3 of these states gives rise to a donor-like impurity band with a constant
density of states per unit area Dy = 1.5 x 10 cm™2 eV~ ! in an interval from the conduction
band edge up to 90 meV above it. This value is in good agreement with the density of
interface states measured on InSb MIS capacitors near the conduction band edge [25, 40]. The
high trap density of 4.22 x 10 cm~2? is not unusual. Values in the order of some
10'2 cm~ 2 have been detected also at GBs e.g. in Ge bicrystals [7], n-GaAs bicrystals [27], on
polycrystalline Si [28, 29], on CulnSe, thin films [30]. A direct relation between these states
and dangling bonds was assumed e.g. for Si (evidence for trivalent Si) [28, 29, 31] ; but there
is controversy over the existence of dangling bonds or floating bonds (pentavalent Si) [42].
Floating bonds are favoured by Pantelides [43]. The spatial extent of the donor-like states is
somewhat greater than typical values for GB cores but in the same order of magnitude.
(Typical values in Si are between 5 nm [6] and about 10 nm [28]. In such ionic crystals as ZnO
or NiO one has as well 1-10 nm [32] and 5 nm [33], respectively.)

Some results on Si bicrystals [17] have given evidence that trap states in the GB core are
compatible with secondary dislocations [1, 2, 34], and that the basic dislocation network
(primary dislocations) is of less significance for N (see also [35]). Structural units in cores of
these secondary dislocations in Si are rings of 5 to 9 atoms [27, 35, 36] some with dangling
bonds. For the diamond lattice an attempt was made to construct the GB by rows of
periodically arranged 5-7 atomic rings which included 8 atomic rings as cores of secondary
dislocations [37]. In each case only the 8 atomic rings contain a dangling bond. Unfortunately,
for tilt angles = 13°, as in our case, this type of modelling is only possible without 8 atomic
rings, and consequently without dangling bonds. On the other hand, one should taken into
account that in our case the lattice is of zincblende type with a substantial fraction of ionic
bonding which modifies the local spatial and electronic structure, and which makes dangling
bonds or, at the very least, lattice distortions in the GB core very probable. The work on
properties and structures of dislocations in III-V compounds has clearly demonstrated the
existence of gap states bound to dislocations [44, 45]. Trapping levels along different types of
dislocations, especially in InSb, have been investigated by Farvacque and co-workers [45-47].
These experimental findings together with theoretical considerations about the origin of such
dislocation levels (possible explanations are A-A or B-B bonds in odd-numbered atomic rings
or unpaired bonds e.g. [48] are compatible with our results obtained from GBs.

The negative GB charge with N~ = 0.71 x 10'® cm~3 is attributed to segregated species.
Segregation is one of the oldest fields of investigation associated with GBs. It results in a
stabilisation of the local atomic configuration. Further, it also changes the interface character
by further reconstruction and saturation of dangling bonds. As a result the barrier height can
change [38]. The segregation leads to a composition gradient close to the GB. Impurity
segregation several orders of magnitude greater than in the bulk are not unusual. (E.g. in Si
polycrystals an impurity concentration in the GB region of 10" cm™3 has been discovered
whereas the bulk was characterized by 10! ... 10*° [38]. Moreover in Si polycrystals, 20 % of
the total amount of the As dopants was concentrated close to the GBs [28].)

In the case of impurity segregation the profile of the negative charge concentration as
shown in figure 4b seems to be more realistic than the profile presented in figure 4a.

JOURNAL DE PHYSIQUE. — T. 50, N° 3, FEVRIER 1989 2
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Additionally, in a real system the interface charge distribution should be a smooth one as also
illustrated in figure 4b. In our system the extent 2 x z; = 32 nm (Fig. 4b) is rather small in
comparison with typical values of the width of the segregation region which can reach up to
several hundred nanometers. But in case of InSb with a melting point 7, = 530 °C the bulk
diffusion coefficients D, for dopants well below T}, are very small D, ~ 10~ ... 10~ cm?s~!
[3]. For tilt angles 1° < 6 < 20° the diffusion coefficients in and perpendicularly to the GB are
related by Dy > D =~ Dy, [39]. Thus one can argue that a great part of the impurity content is
incorporated in the GB directly from the melt during the bicrystal growth. Only a smaller part
of the impurity content diffuses to the GB during the cooling regime at temperatures below
T,. This may explain the small extent of the segregation region in the system discussed here.
Further on we remark that within the obtained potential V (z) the Landau energy levels and
the transverse magnetoresistance p,, have been calculated [20]. The rather good agreement of
the Shubnikov-de Haas oscillations in p,, (B) with the experimental ones gives evidence, once
again, that the calculated V (z) is a good image for the real situation near the GB.

6. Summary.

In this paper, for the first time, an attempt is made to estimate the spatial and energetic
distribution of the charged GBSs at a B-GB in a p-InSb bicrystal by fitting theoretical results
on experimental data obtained by magnetotransport measurements (Hall effect, magnetoresi-
stance) concerning the two-dimensional subband structure of the inversion layer at the GB.
Especially, the electron densities in the two-dimensional subbands are compared. The
theoretical model is based on the envelope function method, Thomas-Fermi approximation
and Bohr-Sommerfeld quantisation scheme. The non-parabolicity of the InSb conduction
band is taken into account.

The interface charge in the GB region due to GBSs consists of two contributions : A large
positive one with a density per unit area of 4.22 x 10> cm~2 is located in the GB core. The
second one is negative with 2.27 x 10! cm~?2 and more extended. Both ones together with the
total electron inversion density n, = 1.63 x 102 cm™? and the negative depletion charge of
0.32 x 102 cm~2 give charge neutrality in the whole crystal.

Some concepts concerning the physical nature of the two contributions of the interface
charge are proposed. The large positive charge is attributed to dangling bonds at secondary
dislocations in the GB core, the negative charge to segregated dopants and impurities in the
GB region. Especially, charged acceptors should provide the predominant contribution.

Further experimental work is necessary to support the obtained results.
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