
JPV 1 

Abstract— Thin gallium phosphide layers were deposited on 
(001) Silicon surfaces via organometallic vapor phase epitaxy and
characterized by electron channeling contrast imaging (ECCI).
Stacking fault pyramids at a density of up to 6×107 cm-2 were
identified in the GaP nucleation layer by varying the diffraction
conditions. We show that these defects originate at the GaP/Si
interface and propagate on all four {111} planes. We observed that
such stacking fault pyramids interact with the gliding of misfit
dislocations during lattice-mismatched growth and enhance the
threading dislocation density. The initial pulsing of TEGa and
TBP during the nucleation of GaP on Silicon has been found to
strongly influence the formation of those pyramidal defects.
Changing the number of pulse cycles allowed us to lower their
density by two orders of magnitude from 6×107 cm-2 to 4×105 cm-2.

Keywords—A1.Defects; A1.Nucleation; A3.Metalorganic vapor 
phase epitaxy; A3.Flow modulated epitaxy; B2. Semiconducting 
III-V materials

I. INTRODUCTION

PTOELECTRONIC devices like light-emitting diodes or solar 
cells benefit from the superior electronic characteristics of 
III-V compound semiconductors. However, III-V growth

is usually performed on expensive substrates like GaAs or Ge 
due to the lattice constant which is well suited for the growth of 
high-quality III-V compounds with useful bandgaps. Silicon as 
a substrate has the advantage of drastically lower costs and a 
better heat conductivity which can be essential in devices with 
high power density. Thus, the integration of Si with III-V 
semiconductors has been a topic of interest for decades [1–3]. 
For minority charge carrier devices such as solar cells, the 
quality of the III-V layers on Si is essential. Crystal defects 
forming during the growth have a detrimental impact on the 
minority carrier lifetime and diffusion length. The hetero-
interface between III-V and Si leads to significant challenges 
during epitaxy, such as anti-phase boundaries (APBs). APBs 
are planar defects that consist of incorrect bonding between 
constituents of the same group at the boundary. In addition, a 
large lattice-mismatch exists between Si and some of the more 
desirable III-V alloys. In former approaches gallium arsenide 
was directly nucleated on the Si substrate [4–7]. However, the 
large lattice mismatch of ~4 % combined with the transition 
from the non-polar silicon to the polar III-V crystal lead to high 
defect densities in the epitaxial layer.  

In the last years this field of research has gained a lot of 
attention as significant improvements have been achieved. 

A more suitable approach for reaching low defect densities in 
III-V on Si multi-junction solar cells is the nucleation of
gallium phosphide (GaP) on silicon [8–11]. The lattice
mismatch is only 0.4 % enabling a pseudomorphic growth of
the GaP layer for thicknesses below 30-100 nm [12–14]. The
growth procedure which is widely adopted by different groups
is a two-step approach which was published by Volz et al.[15].
In the first step a thin nucleation layer of GaP (10 to 40
monolayers) is deposited via flow modulated epitaxy at a low
temperature of around 450 °C. Afterwards a 30 nm to 100 nm
thick bulk GaP layer is deposited in continuous growth mode at
temperatures around 600 °C. It was found that this two-step
approach is important to suppress the formation of stacking
faults and to support the annihilation of APBs within the first
50 nm of GaP [14]. The preparation of the silicon surface in
order to obtain anti-phase free GaP growth has been studied
intensively by other groups [16–20] and is not the topic of this
paper.

In this paper, we focus on the nucleation procedure, referring 
to the pulsed deposition process. In the last years, some groups 
reported on defect-free growth of GaP layers on Silicon 
[10,19,21–23]. However, all those investigations were relying 
on transmission electron microscopy (TEM) measurements 
which cover only a very small volume of the sample. In cross-
section measurements, only defects with a density in the order 
of 108 cm-2 or above can be detected. By using plan-view 
measurements the detection level can be lowered to around 107 
cm-2. However, with the final goal of minority charge carrier
devices in mind, a defect density on the order of 106 cm-2 or
below is necessary to ensure a sufficient minority carrier
lifetime. In this work we are using electron channeling contrast
imaging (ECCI) [24,25] to investigate defects in the GaP
nucleation layer on Silicon following the work of Carnevale et
al. [26]. This technique does not require any sample preparation
and is performed in a scanning electron microscope (SEM).
Thus, it is a fast characterization method and defect densities
over several orders of magnitude from 109 cm-2 down to below
105 cm-2 can be detected rapidly and reliably with an
appropriate sample design. By using this technique we observed
stacking fault pyramids (SFP), a crystal defect which has not
been studied in detail yet for the GaP/Si material system in
literature. We analyzed the structure of this defect by changing
the channeling conditions and found an interaction with misfit
dislocations. Further we investigated the effect of growth
parameters on the formation of stacking fault pyramids during
GaP on Si epitaxy.
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II. EXPERIMENTAL PROCEDURE 
 
GaP layers were deposited on phosphorus doped n-Si wafers 
oriented (001) with 2° miscut towards [111]. No wet-chemical 
pretreatment was applied to the “epi-ready” surface. Metal 
organic vapor phase epitaxy was performed in a CRIUS Close 
Coupled Showerhead Reactor from AIXTRON in a 7x4” 
susceptor configuration. To desorb the native oxide the 
substrates were heated to 1050 °C under a hydrogen 
atmosphere. GaP growth was initiated at 450 °C following the 
procedure described by Volz et al. [15] with alternating pulses 
of the precursors Triethylgallium (TEGa) and 
Tertiarybutylphosphine (TBP), starting with TBP as a first 
pulse. The TEGa-dose was adjusted such that each pulse 
deposits one monolayer and the nominal V/III ratio was 120.   
The number of TEGa pulses (always followed by a TBP pulse) 
was varied between 3 and 20. After the pulsed deposition the 
temperature was ramped to 580 °C under TBP stabilization for 
the overgrowth of 60 nm, 120 nm or 150 nm thick GaP layers 
using a V/III ratio of 10 and a growth rate of 0.3 nm/s.  

The samples were characterized by Atomic Force 
Microscopy (AFM), X-ray diffraction and Electron Channeling 
Contrast Imaging (ECCI). AFM measurements were conducted 
in a Park XE-150 setup using the intermittent contact scanning 
mode. X-ray rocking curves using the (004) reflex were 
measured in an Xpert MRD Pro setup from Panalytical. For 
ECCI measurements the samples were cleaved and loaded into 
a Hitachi SU-70 scanning electron microscope featuring a field-
emission electron gun. The acceleration voltage was set to 
30 kV resulting in a beam current of 1.5 nA during the scans 
which were performed at a working distance of ~8 mm. An 
insertable four-quadrant photo-diode detector below the pole-
shoe was used to detect the intensity of the backscattered 
electrons from the sample by summing up all four quadrants. 
To align the sample with regard to the incoming electron beam, 
the electron channeling pattern was recorded by scanning the 
sample surface with a magnification of 50x. In Figure 1 an 
overview of the channeling pattern is shown. This image was 
achieved by stitching of several individual channeling pattern 
scans with different angles (tilt and rotation) of the sample 
surface. The different Kikuchi-like bands which were used as 
channeling conditions in this work are indexed according to the 
diffraction condition 𝑔⃗𝑔 = [220] and  𝑔⃗𝑔 = [22�0]. Additionally, 
the 𝑔⃗𝑔 = [001] pole diffraction condition was used in this work. 
In this case, the [001] axis of the crystal is parallel to the 
incident electron beam and the intensity of backscattered 
electrons is at its maximum in the undistorted bulk crystal. 

 

 

Figure 1: Overview of the electron channeling pattern which was 
achieved by stitching of multiple scans. The channeling conditions 
used in this work are labeled according to the diffraction vector 𝒈𝒈��⃗ . 

III. RESULTS AND DISCUSSION 
 

A.  Observation of Stacking Fault Pyramids 
Figure 2 shows ECCI measurements of a 120 nm thick GaP 

layer on Si using varying diffraction conditions that are noted 
in the caption. The images highlight different types of crystal 
defects. The blue arrows mark misfit dislocations which are 
formed at the GaP/Si interface due to the lattice mismatch 
between GaP and Si. Single stacking faults are marked by blue 
dotted circles and threading dislocations by green dashed 
circles. The bright or dark contrast of misfit dislocations results 
from different Burgers vectors 𝑏𝑏�⃗  and line direction 𝑢𝑢�⃗  of these 
defects. ECCI of the same area using different diffraction 
conditions gives information about the type of dislocations and 
planar defects because the magnitude and type of contrast is 
related to the diffraction condition, Burgers/displacement 
vector, and direction of propagation [12].  
Figure 2 (a) uses a 𝑔⃗𝑔 = [22�0] diffraction condition and so only 
stacking faults extending in one crystal direction are observed 
(blue dotted circles). Additionally, features are observed which 
show two opposing triangular shaped defects which have the 
same point of origin in the chosen diffraction condition (red 
solid circles). The size of each of the two triangles exactly 
matches the dimension of the single stacking faults. In Figure 2 
(b), the diffraction condition is changed to the perpendicular 
crystal direction 𝑔𝑔��⃗ = [220]. Misfit dislocations which were 
visible in (a) are hardly visible in (b) and vice versa due to the 
difference in line direction. The invisibility criteria are 𝑔⃗𝑔 ∗ 𝑏𝑏�⃗ =
0 and 𝑔⃗𝑔 ∗ (𝑏𝑏�⃗ × 𝑢𝑢�⃗ ) = 0 [27]. These dislocations are likely 
standard 60° dislocations with Burgers vectors of the type 𝑏𝑏�⃗ =
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< 101 >, which don’t perfectly match the invisibility criteria, 
but the magnitude of the contrast varies nonetheless. The same 
varied contrast is observed for stacking faults (blue dotted 
circles) because their displacement vectors are not aligned with 
the diffraction vector. The defects marked by the red circles in 
Figure 2 have portions that alternate visibility between 
diffraction conditions. The two triangular defects which were 
visible in the 𝑔𝑔��⃗ = [22�0] condition are not visible any more for 
𝑔𝑔��⃗ = [220]. However, two new triangular defects become 
visible which are oriented in the perpendicular crystal direction. 
They have the same origin as the adjacent (now invisible) 
defects. Taking both images (a) and (b) together, those defects 
(red solid circles) consist of 4 adjacent defects which have the 
same point of origin and form a pyramid. In Figure 2(c) the 
same spot of the sample is shown with the incident electron 
beam exactly aligned to the [001] direction. This condition 
provides the least amount of channeling and results in vanishing 
contrast for misfit dislocations, single stacking faults and the 
pyramidal defects. This is due to the fact that the  
𝑔⃗𝑔 = [001] diffraction spot in the electron channeling pattern is 
located equidistant from the 𝑔𝑔��⃗ = [220], 𝑔𝑔��⃗ = �2�2�0�, 𝑔𝑔��⃗ = [22�0] 
and 𝑔𝑔��⃗ = [2�20] channeling conditions. However, at the surface 
those defects induce local strain fields which do not fulfill the 
invisibility criteria and lead to locally enhanced channeling, 
meaning reduced backscatter intensity. Thus, the shape of the 
defects at the sample surface appears as dark lines (or points) 
under those conditions. The measurement in Figure 2(c) shows 
a square for the defects consisting of 4 planes (red solid circles). 
Single stacking faults (blue dotted circles) appear as single lines 
as expected for those defects. Threading dislocations (green 
dashed circles) appear as a small dark spot at the point they hit 
the surface.  

In Figure 3 a close-up image of one of the squared defects 
with 4 planes is provided in three different channeling 
conditions. The strongest contrast in (a) and (b) is visible for the 
sides of the triangles which are opposite of each other. Towards 
the origin of the defects the contrast gets more and more faint 
indicating that the origin of this defect is buried in the GaP layer 
and located at or close to the GaP/Si interface. Inverted 
pyramids consisting of four individual stacking faults have been  
reported for a similar material combination, GaAs on Ge [28], 
for ZnSe on GaAs [29] and for InAs on GaAs [30], but to the 
knowledge of the authors, not yet for GaP on Si. To determine 
the origin of these inverted pyramids, we investigated samples 
with different thicknesses of the GaP layer and measured the 
maximal lateral dimension of the squared defects. Stacking 
faults propagate on one of the {111} set of planes. Thus, their 
lateral dimension is directly linked to the layer thickness – 
assuming they always originate at the same depth, for example 
the GaP/Si interface. In Figure 4, the lateral size of the stacking 
fault pyramids is shown for different GaP layer thicknesses. 
 

 
Figure 2: ECCI measurements of the same spot on a 120 nm GaP 
layer on Si under various diffraction conditions: (a) 𝒈𝒈��⃗ = [𝟐𝟐𝟐𝟐�𝟎𝟎] (b) 
𝒈𝒈��⃗ = [𝟐𝟐𝟐𝟐𝟐𝟐] and (c) 𝒈𝒈��⃗ = [𝟎𝟎𝟎𝟎𝟎𝟎] pole. SFPs (red-solid), usual stacking 
faults (blue-dotted) and threading dislocations (green-dashed) 

show different appearances under the applied diffraction 
conditions. Misfit dislocations indicated by the blue arrows are 
also visible in (a) and (b) but not in (c).     

 
Figure 3: Close-up ECCI measurement of a SFP under various 
diffraction conditions: (a) 𝒈𝒈��⃗ = [𝟐𝟐𝟐𝟐�𝟎𝟎] (b) ) 𝒈𝒈��⃗ = [𝟐𝟐𝟐𝟐𝟐𝟐] and (c) 𝒈𝒈��⃗ =
[001] pole. 
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Figure 4: Stacking fault pyramid size over the GaP layer thickness. 
A clear correlation is observed. The solid line represents the values 
expected for stacking faults originating at the GaP/Si interface and 
propagating on the {111} planes.  

The GaP layer thickness was determined by X-ray diffraction 
measurements. The solid line shows the expected stacking fault 
size increase with GaP layer thickness calculated from the 
intersection angle of 54.7° between the {111} set of planes and 
the (001) plane. The results confirm that those pyramidal 
defects consist of four individual stacking faults starting at or 
very close to the GaP/Si interface and expanding on the four 
{111} planes.  
 

B. Interaction of stacking fault pyramids with misfit 
dislocations 
The SFP density in the sample investigated in Figure 2 is 
1.3×107 cm-2. These defects can potentially interact with other 
crystal defects like dislocations. In our samples we observed a 
significant interaction of misfit dislocations with SFPs. In 
Figure 5, ECCI images of a 120 nm GaP layer on Si are shown. 
Both scans show misfit dislocations terminating directly at a 
SFP. On 30 nm thick GaP layers on Si (not shown here) we have 
observed the same density of SFPs but not any single misfit 
dislocation since the critical thickness has not been reached. As 
a consequence, the SFPs are present in the layer before misfit 
dislocations start to form. There are two possibilities for the 
observed interaction of dislocations and SFPs: the SFPs can 
either act as a starting/nucleation point of new misfit 
dislocations or as a blocking site hindering the gliding of 
already existing ones. As only a very small number of the SFPs 
show an interaction with a dislocation (9 of 78 corresponding 
to ~12 %) we assume that the SFPs do not significantly 
facilitate the formation of dislocations. Otherwise, we would 
expect the majority of misfits to start/end at SFPs. This is not 
the case as only 9 of 75 start/end points of misfit dislocations 
along [1�10] coincide with the position of a SFP. Those 
observations suggest that SFPs hinder the gliding of already 
existing misfit dislocations. In FCC metals similar observations 
have been made and the blocking behavior of (sessile) stacking 
fault pyramids has also been modeled [31]. It was found that 
those defects oppose a significant barrier to the glide of 
dislocations. This is an important observation for the 
development of lattice-mismatched epitaxy structures on 
Silicon where the gliding of misfit dislocations is essential to 
achieve low threading-dislocation densities. Essentially, this is 

the case for all III-V epitaxy structures on Silicon which use 
GaAsyP1-y to transfer e.g. to the GaAs lattice constant. The 
effect of dislocation blocking is expected to increase with the 
layer thickness of the metamorphic growth as SFPs will 
increase in size and consequently offer a larger area for 
interaction. A low SFP density is therefore required to achieve 
efficient relaxation and low threading dislocation densities in 
GaP and GaAsyP1-y growth on Silicon. 
 

 

Figure 5: ECCI images with 𝒈𝒈��⃗ = [𝟐𝟐𝟐𝟐𝟐𝟐] of a 120 nm thick GaP 
layer on Si showing an interaction between SFPs and misfit 
dislocations. The resulting limited length of misfits leads to an 
increased density of threading dislocations. 

C. Correlation of crystal defects and morphology 
Extended crystal defects are always connected to local strain 
fields which can change the growth kinetics. We found that 
SFPs and single stacking faults lead to a locally enhanced 
growth rate similar to the development of a crosshatch pattern 
during lattice-mismatched growth [32]. ECCI measurements 
(@30 kV) and a secondary electron (@5kV) SEM measurement 
were performed at the same spot of a 120 nm GaP on Si sample 
(same sample and spot as in Figure 2) . In Figure 6, the 
corresponding images are shown in (a) and (b). By using the 
low acceleration voltage of 5 kV it is ensured that the detected 
signal is not notably influenced by backscattered electrons but 
only shows the structure of the surface. The red circles in (a) 
indicate SFPs and appear as distinct surface features in the 
secondary electron image (b). The same is observed for single 
stacking faults on the (1�11)  and (11�1) plane impinging the 
surface along the [110] direction as marked by a blue dashed 
circle. Interestingly, for stacking faults propagating on (111) 
or (1�1�1) planes impinging the surface along [1�10] this holds 
not true and no distinct surface feature is observed (green 
rectangles). This effect could be explained by a difference in Ga 
adatom surface mobility along the [110] and [1�10]  directions. 
However, more data is needed to identify the reason for this 
anisotropy. An AFM measurement was performed on the same 
sample (but not same spot) and is shown in (c). The surface 
features are clearly visible appearing as hills with a height of 
approximately 5 nm and at approximately the same density as 
defects detected via ECCI. 
As a consequence, AFM can be used as a common and widely-
spread investigation method to monitor the density of stacking 
faults and stacking fault pyramids in thin GaP nucleation layers 
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enabling fast feedback loops for the optimization of the 
nucleation process.  
 

Figure 6: (a) ECCI measurement (@ 30 kV) with 𝒈𝒈��⃗ = [001] of a 
120 nm thick GaP layer on Si. (b) Secondary electron (SE) 
measurement (@ 5 kV) at the same spot on the sample. (c) AFM 
image of the same sample (but not the same spot). SFPs and 
single stacking faults lead to a locally enhanced growth rate and 
thus form hills on the surface.  

 

D. Nucleation parameters influencing the stacking fault 
pyramid density 
In order to decrease the density of stacking fault pyramids, the 
impact of nucleation parameters was investigated. Note, that 
only parameters of the initial pulsed GaP nucleation sequence 
were changed. The approximately 120 nm GaP overgrowth was 
always performed under identical conditions. In Figure 7, the 
influence of the number of pulses applied during the pulsed GaP 
nucleation on the density of SFPs is shown. The number of 
TEGa pulses – each followed by a TBP pulse – was varied from 
5 to 20.  
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Figure 7: Influence of the number of pulses during the GaP 
nucleation on the density of SFPs measured after the growth of an 
additional 120 nm layer.  

A strong impact on the SFPs density is observable. The SFP 
density decreases from 6.2×107 cm-2 (20 pulses) by more than 
two orders of magnitude to 4.3×105 cm-2 (5 pulses). It has to be 
noted that we also investigated one sample with 3 pulses. 
However, the layer was full of defects (>108 cm-2) and showed 
a rough surface indicating that the pulsed nucleation layer was 
not stable during the temperature ramp from 450 °C to 580°C 
under TBP stabilization. The results show, that most likely the 
pulsing sequence itself is causing the formation of the SFP. 
Additionally, contamination on the Si surface prior to the GaP 
nucleation can be excluded to cause the formation of SFPs. For 
further optimization of the GaP nucleation process, the focus 
has to be set on the pulsing sequence between TEGa and TBP 
for the growth initiation of GaP.  
The achieved SFP density of 4.3×105 cm-2 is expected to lower 
the influence on the blocking of gliding misfit dislocations 
significantly and therefore supports the development of III-V 
epitaxial layers on Silicon with high material quality. 

IV. SUMMARY AND CONCLUSIONS 
We investigated the formation and development of various 
defects during the nucleation of GaP on Si using plan-view 
electron channeling contrast imaging. This method allowed to 
investigate even low defect densities on the order of 105 cm-2 
which would not be visible in transmission electron 
microscopy. 
A distinct pyramidal shaped defect was identified as a stacking 
fault pyramid originating from the Si/GaP interface.  
These defects were shown to form hills of ~5 nm height during 
the 120 nm GaP growth leading to an increased surface 
roughness. The hills can be detected by AFM measurements 
and thus AFM can be used as a rapid and easily accessible 
investigation method to gain feedback for a further optimization 
of the GaP on Si nucleation procedure.  
The density of stacking fault pyramids was found to depend on 
the pulsing conditions for the GaP growth initiation and could 
be reduced by two orders of magnitude to a low value of 
4.3×105 cm-2. Furthermore, we have found that a small portion 
of misfit dislocations, formed during the lattice-mismatched 
GaP on Si growth, are ending at Stacking Fault Pyramids which 
is explained by blocking of the dislocation glide. A low density 
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of these nucleation defects is therefore mandatory for reaching 
high material quality of MOVPE grown III-V layers on Silicon. 
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