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ABSTRACT 

The structure of planar defects in GaP films grown by MBE on Si (1 10) was investigated by 
transmission electron microscopy. Growth of GaP films on the (1 10) surface produced numerous 
microtwins which formed both first and second order twin boundaries. Using high-resolution 
transmission electron microscopy, the atomic structure of E 3  and E 9  twin boundaries were 
studied. Both the E 3  and E 9  interfaces were observed to facet along specific crystallographic 
planes. Geometric models of the E 9  { 22 1 } twin boundary accounting for different polar bonding 
configurations were proposed and compared with experimental observations. 

INTRODUCTION 

A comprehensive knowledge of grain boundary structure in semiconductors is of 
fundamental technological and scientific importance. Polycrystalline semiconductors are promising 
materials for optoelectronic applications such as photovoltaic cells, thin-film transistors, and y-ray 
detectors. The presence and nature of grain boundaries influences the electrical and optical 
properties of semiconducting materials, modulating the performance of electronic devices.' 
Therefore, the applicability of polycrystalline semiconductors depends critically upon 
understanding the relationship between the structural and electrical properties in these materials. 
Over the past two decades, the structure of grain boundaries in semiconductors has been the 
subject of numerous investigations. The first and second order twin boundaries in elemental 
semiconductors have been amongst the most extensively studied grain boundaries in the cubic 
diamond lattice.z4 In order to further an understanding of these interfaces, the structural properties 
of E 3  and E 9  twin boundaries in cubic compound semiconductors are investigated. 

The structure of grain boundaries in compound semiconductors differ from those in 
elemental semiconductors by the presence of polar bonds at the interface.' Compound 
semiconductors possess a distinct crystal polarity corresponding to the distinct bond direction 
between cations and anions in the lattice. The relative orientation of the polar bonds in grains 
adjoining a grain boundary will result in different bonding characteristics across the grain 
boundary, which influence the physical properties of the defect. For a given model of a grain 
boundary in the cubic diamond lattice, there are at least two possible orientation relationships 
between the grains adjacent to the boundary in the corresponding zinc-blende cubic lattice. The 
uncertainty in the structure of grain boundaries in compound semiconductors can be illustrated by 
considering the C=3 (1 1 1) coherent twin boundary in GaP shown in fig. 1. In face centered cubic 
(FCC) crystals, the grains adjacent to a coherent twin boundary are crystallographically related by 
either a 180" rotation about the <111> grain boundary normal or a 70.53" tilt about a common 
<110> axis. The former is referred to as a rotation twin. The later is described as a reflection twin 
since the tilt effects a mirror reflection of the crystal structure about the twin plane. Both twin 
boundaries are indistinguishable in centrosymmetric crystals such as Si. However, in compound 
semiconductors the transformation of the crystal polarity across the twin boundary is not equivalent 
in the two structures. In the rotation twin, the orientation of the crystal polarity across the twin 
boundary is related by a mirror reflection across the boundary plane plus an additional 180" 
rotation about the common <110> axis. The resulting interface lies between two { 11 1 } planes, 
one of which terminates on the cationic sublattice and the other on the anionic sublattice. The 
chemical bonding across the rotation twin preserves the crystal's stoichiometry with each cation 
bonded to four anions and vice versa. For the reflection twin, the crystal polarity is mirror 
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symmetric across the twin plane. The { 1 1 1 } planes adjoining the mirror plane are chemically 
equivalent, and bonding across this interface is composed of antisite bonds between cations or 
anions. Antisite bonds possess localized, uncompensated electrical charge, which are believed to 
have high energies of formation ! Of the two twin boundary structure, the rotation twin is 
expected to be the energetically favored structure. 

The influence of crystal polarity on the structure of grain boundaries in compound 
semiconductors has been studied theoretically by Holt.' Several experimental studies have 
investigated the structure and polarity of E 3  { 11 1 } coherent twin boundaries in ZnSe 7-8 and in 
GAS' films and melt grown polycrystalline G A s 6  and GaP." Besides the coherent twin 
boundary, the effects of crystal polarity on more complex interfaces are less well understood. In 
this paper, we discuss recent efforts to characterize the structure and polarity of incoherent E 3  
and E 9  boundaries in MBE grown GaP films using transmission electron microscopy (TEM). 

EXPERIMENTAL PROCEDURE 

The GaP films investigated in this study were grown by gas-source molecular-beam 
,epitaxy (GSMBE) on n-type Si (1 10) substrates. Solid Ga and phosphine (PH,) were used as 
sources in a &ber 32P MBE chamber. Details of the growth procedure are explained elsewhere." 
The epitactic films were prepared for characterization by a combination of mechanical and chemical 
polishing. 3 mm diameter disks were cored, and mechanically thinned and polished from the Si 
substrate side to a thickness of 100 pm. Subsequently, the disks were dimple-polished to a 
thickness of 50 pm, and the Si substrate in the center of the sample was removed using a 
HN0,:HF acid solution mixed to a ratio of 9: 1. The GaP epilayer was ion-thinned to electron 
transparency using 4 keV Ar+ ions at liquid nitrogen temperatures. The GaP films were 
characterized using a Philips CM30 TEM at the University of Minnesota and JEOL 4000EX 
high-resolution transmission electron micorsope (HRTEM) at Sandia National Laboratories, 
Livermore CA. 

RESULTS and DISCUSSION 

Fig. 2 is a HRTEM image of a faceted E 3  twin boundary in a GaP sample. The GaP 
films grew on the (1 10) Si surface in different twin related configurations resulting in a high 
density of microtwins throughout the film. The twin boundaries are related by a rotations of k 
70.53' about either the [ 1101 growth axis or a < l o b  direction inclined to substrate normal. 
Diffraction pattern analysis indicate that the microtwins facet primarily along the common { 1 1 1 } 
plane, with short segments faceting along the { 112) and { 11 1}/{ 115) facets. The { 11 1 }, { 112}, 
{ 1 11 }/115} interfaces in which the microtwins facet along correspond respectively to the first, 
second, and third highest planar density of coincident sites for the E 3  twin boundary in FCC 
materials.I2 Theoretical models of grain boundary structure suggest that the stability of a 
coincident sites lattice (CSL) boundary scales with its planar density of coincident sites.', 
According to such models, the { 1 1 1 } twin boundary would be expected to have the greatest 
stability against faceting and dissociation. The { 112} and { 11 1 }/{ 115} facets are less stable, 
possessing higher interfacial energies.I3 Similar faceting of Z=3 twin boundaries has been 
observed in GaAs' , GaP lo, and Si.13 

related grains coalesced. Fig. 3 is a HRTEM micrograph of a E 9  twin boundary formed by the 

union of two grains which have a X=3 twin misorientation with the crystal matrix on 
crystallographically inequivalent { 1 1 1 } planes. A diffractogram analysis of the { 1 1 1 } lattice 
fringes shows that the microtwins are misoriented by 39" about a common <110> axis, indicating 
that the grains have a X=9 relationship. The interface plane between the two grains is relatively 
planar, with an periodic structure of 1.15 nm along the <114> direction. The calculated CSL unit 

Second order twin boundaries were observed in the GaP films in regions where two twin 



cell for the E 9  {221} boundary is a[221] (= 1.623 nm) normal to the boundary and a/2[i14] 
(=1.148 nm) parallel to the boundary 3, where a is 0.541 nm. The measured periodic length along 
the boundary is consistent with the CSL unit cell dimension. Away from the (221) boundary, the 
lattice fringes on either side of the twin are offset from one another by a small shift parallel to the 
boundary plane. To measure the offset, translations of the displacement shift complete (DSC) 
lattice l4 in the grains on either side of the boundary were evaluated. The basis vectors of the DSC 
lattice for E 9  (221 } boundary are a/9[221] and a/18[i14].1s The lattice fringes in the grain 

above the E 9  boundary in fig. 3 are shifted with respect to the grain below the boundary by 0.06 
nm k 0.02 nm. To within the experimental uncertainty of k 0.02 nm, no expansion or contraction 
of the DSC lattice perpendicular to the C=9 twin plane was measured. Furthermore, Fig. 3 shows 

a variety of defects interacting with the E 9  boundary. At point I, an intrinsic stacking fault 

intersects the E 9  boundary introducing a step in the boundary plane. Also, the E 3  twin 

boundaries which bound the E 9  boundary on the left side of the figure, lie on { 1 1 1 } twin planes 

which do not meet at a coincident point. The lack of coincidence of the E 3  twin boundaries to 

form the E 9  boundary presumably is accommodated by dislocations. 
In order to construct models of the atomic structure of the E 9  { 221 } boundary, the 

influence of the crystal polarity on the twin boundary structure must be accounted for. Fig. 4 
shows two geometric models of the E 9  (221) boundary based upon Hornstra's model for similar 
defects in the cubic diamond 1atti~e.I~ Using Holt's ' nomenclature, the two models are referred to 
as the paratwin and orthotwin boundary depending upon the orientation of the crystal polarity in 
the twin related grains. The crystal polarity is mirror symmetric across the twin plane for the 
paratwin, and antisymmetric for the orthotwin. Unlike models of the E 3  { 1 1 1 } boundary, 
antisite bonds exist in both E 9  (221) models. The orthotwin model has equal numbers of Ga-Ga 
and P-P antisite bonds, which preserve the crystal's stoichiometry. Where as the paratwin 
boundary has antisite bonds of a single kind, Ga-Ga or P-P, which alter the crystal chemistry 
locally. Geometrically, the formation of the E 9  orthotwin and paratwin boundaries occurs by 
different combinations of the Z=3 { 1 11 } coherent twin boundaries. Fig. 5 shows that a Z=9 
orthotwin can form either by the union of two Z=3 rotation or Z=3 reflection twins. However, the 
E 9  paratwin can only form by the merger of a Z=3 rotation and a Z=3 reflection twin. Since the 
rotation twin is the lowest energy structure for the E 3  coherent twin boundary, the E 9  { 221) 
boundary in fig. 3 is expected to be an orthotwin boundary. However to confirm this, the 
orientation of the crystal polarity in each grain must be measured experimentally in order to 
determine unambiguously which structure is present. 

Fig. 6 shows HRTEM image simulations of the paratwin and orthotwin E 9  { 221 } 
boundaries generated by the EMS simulation suite." The experimental HRTEM image in fig. 3 
was acquired at a defocus of - 60 nm f 10 nm, as determined from the power spectrum of an 
amorphous region in the sample. The sample thickness was estimated to be - 15-18 nm based 
upon a visual comparison of experimental and simulated images of the perfect crystal. At this 
combination of defocus and thickness, the white fringes correspond to the atomic columns in the 
GaP perfect ~rys ta l . '~  The HRTEM image simulations in fig. 6 show that the symmetry of the 
lattice fringes on either side of the twin are sensitive to the relative orientation of the crystal polarity 
across the twin boundary. The fringes across the twin plane are mirror symmetric in the paratwin 
simulation and offset by a 0.16 nm shift parallel to the interface in the orthotwin simulation. The 
apparent offset in the orthotwin model is due to differences in the atomic scattering form factors 
which give rise to asymmetrical intensities in the { 1 1 1 } lattice fringes which is sensitive to the 
crystal polarity." 

captures all the features of the experimental image. While the simulated image of the paratwin 
boundary has similar contrast features to the experimental image, the lattice fringes in the 
experimental image are mirror symmetric across the twin plane which is inconsistent with the 

A visual inspection of the simulated images shows that neither model of the grain boundary 
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experimental image. However, the simulated image of the orthotwin model has no resemblance to 
the experimental image. Since atomic relaxations of the atomic structure of the twin boundary are 
most likely present, the image simulation suggest that the simple geometric models of the E 9  
{ 22 1 } boundary are not good representations of the actual atomic structure. The asymmetry in the 
lattice fringes across the twin boundary in HRTEM images of E 3  coherent twin boundaries have 
been used to distinguish between the orthotwin and paratwin boundaries in ZnSe.7’8 However, the 
measured lattice fringe offseth fig. 3 is smaller than predicted by the HRTEM image simulation. 
Therefore, neither model can be inferred the HRTEM image. Taking the shifts in the lattice fringe 
into account, the rigid body lattice translation for both models is estimated to be 0.06 nm f 0.02 
nm and 0.1 nm zk 0.02 nm for the paratwin and orthotwin configurations respectively. 

CONCLUSIONS 

The atomic structure and polar nature of first and second order twin boundaries in GaP 
films grown on Si (1 10) substrates have been investigated by HRTEM. IT-3 twin boundaries 
were observed to facet preferentially along the common { 1 1 1 } planes, and to a lessor extent the 
{ 112) and { 11 1 }/{ 115} facets. IT-9 { 221 } boundaries were formed by the union of two C=3 
grains misoriented on crystallographically inequivalent { 1 1 1 } planes. HRTEM image simulation 
based upon simple geometric models for the E 9  { 22 1 } twin boundary, which accounting for the 
polar orientation of the crystal lattice, fail to adequately describe the image contrast and shift across 
the interface suggesting that local atomic relaxations must be taken into account. 
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Fig. 1 Geometric models of the C=3 { 1 1 1 } coherent twin boundary in Gap. The arrows 
identify the { 11 1 } twin plane. Arrows to the side of the image indicate the direction of the 
Ga-P bond along the <OOb projection. 

Fig. 2 High-resolution transmission electron micrograph of E 3  { 1 1 1 } coherent and 
{ 11 l}/{ 115} incoherent twin boundaries in a GaP film grown on Si (1 10). 

1 lnm - 
Fig. 3 High-resolution transmission electron micrograph of C=9 { 22 1 } twin boundary formed 
by the union of two X=3 coherent twin boundaries. An intrinsic stacking fault intersects the 
C=9 boundary introducing a step in the mirror plane at point I. 



Fig. 4 Geometric models of the E 9  { 22 1 } twin boundary in GaP. The crystal polarity is mirror symmetric 
across the paratwin boundary and antisymmetric across the orthotwin boundary. 
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Fig. 5 The formation of the E 9  { 22 1 } boundary by different combinations of the E 3  { 1 1 1 } coherent 
twin boundary. The arrows indicate the direction of the Ga-P bond as shown in fig. 1. The X=9 
orthotwin boundary forms from two rotation or two reflection twins. While the E 9  paratwin can only 

form by the union of a rotation and reflection twin. 

Fig. 6 HRTEM image simulation of the C=9 { 22 1 } twin boundary. The simulation based on the 
orthotwin model is shown on the left. The paratwin image shown on the right. The arrows indicate 
the twin boundary plane. 
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