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A B S T R A C T   

Integration of GaP layers on silicon substrates using AsH3 pre-exposure followed by a PH3-based GaP epitaxial 
growth allows the development of very promising processes for the photovoltaic industry, although many of the 
growth routines using this approach suffer from reproducibility issues when transferred to a new epitaxial 
system, leading to poor quality layers. This fact reveals a lack of knowledge on the mechanisms behind the 
formation of the most common planar defects (stacking faults and microtwins) and their dynamics for GaP/Si 
Metal Organic Vapor Phase Epitaxy using AsH3 and PH3. Therefore, in this work, a set of GaP/Si samples with a 
similarly high defect density grown between 700 ◦C and 725 ◦C, are analyzed by means of high-resolution 
scanning transmission electron microscopy and electron energy loss spectroscopy. The results presented show 
contaminant-free Si surfaces for temperatures above 725 ◦C, ruling out the hypothesis of contaminant as the 
origin of these planar defects. Regarding the interface Si/GaP, the GaP growth starts, in all the samples, with 
Ga–Si bonds. Additionally, no traces of As are found, which reinforces the hypothesis of an effectively 
displacement of As on Si surface by Ga atoms at high temperature. Finally, it is observed complex chemical 
structures in the origin of the microtwins and the cause of the origin of these defects seems to be a localized 
gallium depletion at the GaP/Si interface.   

1. Introduction 

The integration of III-V semiconductors on silicon has been a long- 
sought goal for the microelectronic industry [1],[2] In the photovol-
taic field, particularly, the integration of III-V compounds on Si was 
intensively investigated in the 1980s and 1990s. The work carried out in 
these decades pointed out that the main challenges for III-V hetero-
epitaxy on Si were: 1) lattice mismatch, 2) thermal mismatch, and 3) the 
ability to grow a polar III/V semiconductor on a non-polar substrate 
such as Si. In spite of notable results achieved during these years [3–6], 
the intensity of this research declined considerably in the late 90s due to 
the difficulties in improving material quality and the rapid progress of 
multijunction solar cell (MJSC) technology based on germanium. 

However, there has recently been a renewed interest in the inte-
gration of III-V materials on Si, driven by the potential applications for 
photovoltaics. Currently, the most developed techniques for such 

integration are direct epitaxial growth [7–9], wafer bonding [10],[11] 
and mechanical stacking [12]. However, even though wafer bonding 
and mechanical stacking have given higher solar cell than direct 
epitaxial growth [13], this last one implies a significant cost reduction 
since no III-V substrates are required. Conversely, the direct epitaxial 
growth of III-V on Si presents some fundamental challenges among 
which are the appearance of defects such as antiphase domains (APDs), 
stacking faults (SFs) and microtwins (MTs). 

In order to get a defect-free III-V layer on Si, there are different ap-
proaches. For example, V-grooves [14] or nanopatterned Si substrates 
[15] are used to achieve good quality GaAs layers grown directly on Si. 
Other strategy is to develop compositional graded buffers based on SiGe 
[16] or based on III-V materials, allowing to change gradually the lattice 
constant from Si to the desired III-V material [17]. 

A common approach for the latter route is the formation of a virtual 
III-V substrate by growing a GaP nucleation layer on the Si substrate. 
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This heteroepitaxial growth (GaP/Si) has the minimum lattice mismatch 
for a III-V binary compound on Si, i.e. 0.37% at 300 K [18]. Eventually, 
this virtual substrate will act as a template for the growth of the com-
plete III-V semiconductor structure. Despite the low lattice mismatch 
between both materials, it is well known that the GaP/Si system presents 
certain challenges that degrade the quality of the layers, namely: i) the 
epitaxial strain or three dimensional growth, that leads to the formation 
of defects at the GaP/Si heterointerface or/and in the epitaxial layer 
[19–21]; ii) the fact that the growth of a polar III-V semiconductor (i.e. 
GaP) on a non-polar substrate (i.e. Si) induces the formation of antiphase 
domains (APDs) [19],[20],[22],[23], which, if not avoided at the initial 
growth stage or annihilated through subsequent processing steps, will be 
detrimental for device performance; and iii) the unwanted cross-doping 
through the III-V/Si heterointerface [6],[24]. 

In this respect, it can be stated that there are three main requirements 
that need to be fulfilled to achieve a successful growth of GaP on Si: i) 
the formation of a pristine Si surface prior to growth, free of any trace 
contaminants, especially C and O, since they can behave as nucleation 
centers for defects at the GaP/Si interface; ii) to avoid the formation of 
APDs to minimize the creation of other structural defects (such as SFs 
and MTs that could reach the surface and degrade the device), by using 
Si (111) substrates [25], V-grooves Si [26] or misoriented Si (001) to 
promote the formation of a single-domain double-stepped Si surface 
[18],[24],[27],[28], and finally iii) a good control of GaP morphology to 
prevent defects from reaching the surface by promoting 2D growth or 
other strategies based on selective area growth using nanopatterned 
substrates [29]. 

To achieve a contaminant-free Si surface together with the formation 
of a double-stepped Si surface, there are mainly three well-reported 
strategies: i) a chemical cleaning and a subsequent thermal treatment 
at high temperature under hydrogen in metalorganic vapor-phase 
epitaxy (MOVPE) (about 950 ◦C) or under vacuum in molecular beam 
epitaxy (about 800 ◦C) [30], ii) the growth of a homoepitaxial Si buffer 
and subsequent annealing under hydrogen in MOVPE or under vacuum 
in MBE [18],[24],[31], and iii) a pre-exposure to either group III or V 
elements with the aim of growing a monolayer (ML) of Ga, As or P, 
which is the approach that we will address in this work. 

Regarding the pre-nucleation step there is a wide range of empirical 
approximations [32] since a perfectly clean, oxide-free, single domain Si 
surface with double steps might not be enough to guarantee defect-free 
2D GaP growth. When films are grown by MOVPE, most methodologies 
are based on group-V exposure since the adsorption of group V elements 
with high vapor pressure on the surface is a self-limited phenomenon, 
contrarily to exposure to group III atoms that tend to form clusters. 
However, it should be noted that the intensity of such group-V exposure 
should be carefully dosed since both AsH3 or PH3 can etch (i.e. roughen) 
the surface. The use of a phosphorus ML, either at high temperature [3], 
[33],[34] or low temperature [22],[35] has been the most commonly 
reported strategy. However, there have also been reports of the benefi-
cial effects of exposing Si samples to an AsH3 flush, under certain con-
ditions, prior to the epitaxial growth of the GaP layer [27],[28],[36–38]. 
Hereinafter, we will refer to such AsH3 flush as AsH3 pre-exposure, as it 
takes place before the growth. The advantages of AsH3 vs. PH3 as a 
cleaning and surface conditioning agent prior to the GaP growth are: (i) 
AsH3 provides a higher concentration of atomic hydrogen due to the 
lower pyrolysis temperature (i.e. higher cracking rate), as compared to 
PH3. This H removes C and O from the surface, presumably by forming 
volatile species such as CH4 and H2O [36],[39] and (ii) As dimers 
released from AsH3 pyrolysis form self-limiting, flat, (2 × 1) or (1 × 2) 
reconstructed surfaces on the Si wafer without the creation of stable 
Si–As compounds (contrarily to the Si–P compounds) [38], and thus 
better preserve the surface morphology against H-induced roughening 
(i.e. etching) [39]. Nevertheless, as noted above, a successful hydride 
pre-exposure –either with AsH3 or PH3– requires the precise determi-
nation of the optimum specific dosage to get the desired surface 
reconstruction while avoiding etching. In both cases, the excess or lack 

of exposure will negatively affect the silicon surface and, therefore, 
inevitably, the quality of the GaP subsequently grown [27],[36],[39] 
although, this process seems, in general, more controllable with AsH3. 

Although defect-free 2D growth using this approach has been re-
ported [27], it is also known that similar conditions in analogous 
MOVPE reactors lead to GaP layers with poor morphological and 
structural quality. This suggests that either small reactor differences, 
growth history (also termed a ‘memory effect’) and/or subtle differences 
in the preparation or even quality of the substrate play a role in 
achieving a successful epitaxial growth recipe. Consequently, the 
achievement of a reproducible process in different environments is still 
an open issue in the development of GaP on Si using AsH3 pre-exposure, 
mostly due to the uncertainties in the relation between growth condi-
tions and nucleation mechanisms. 

To address this issue, some authors have recently published results to 
clarify the phenomenon behind defect formation dynamics in GaP on Si 
low temperature MOVPE growth (around 500 ◦C) using TBP as group-V 
precursor for the pre-exposure and the GaP growth [40–42]. Conversely, 
there is a lack of equivalent studies for high temperature MOVPE growth 
using hydrides as group-V precursors (AsH3 and PH3) for the pre- 
exposure and the GaP growth. 

Consequently, this paper does not aim to propose an optimal MOVPE 
routine to get a high-quality GaP nucleation layer on silicon, but rather 
to provide understanding in what triggers the formation of structural 
defects, frequently observed on this type of III-V structures that limit the 
reproducibility and applicability of the optimized routines, which could 
eventually be transferred to the photovoltaic industry under these 
growth conditions (temperature above 700 ◦C, AsH3 pre-exposure and 
GaP growth using PH3). 

For that purpose, a set of samples presenting similar poor morphol-
ogies (i.e. 3D growth and high density of defects), but grown under 
different conditions, were characterized by means of transmission 
electron microscopy (TEM), high-resolution transmission electron mi-
croscopy (HRTEM), high resolution scanning transmission electron mi-
croscopy (STEM) and electron energy loss spectroscopy (EELS). In 
particular, AsH3 pre-exposure parameters (i.e. temperature, and time) 
were varied. 

2. Materials and methods 

Epilayers of GaP were prepared using a horizontal AIX200/4 MOVPE 
reactor on mis-oriented Si (100) substrates. Wafers were deoxidized 
using an HF-dip for 3 min and preheated at 775 ◦C in a H2 flow for 30 
min to remove any residual traces of silicon oxide and to promote sur-
face reconstruction. Before the initiation of the GaP growth, the sub-
strates were subjected to an AsH3 pre-exposure of 50 sccm at 
temperatures in the range of 700–725 ◦C. GaP layers were grown using 
PH3 and TMGa as precursors during 330 s with a V/III ratio of 2000 and 
a growth rate of ~ 1 μm/h, using in each case the same temperature as 
for the AsH3 pre-exposure. Reactor pressure was kept at 100 mbar for all 
the samples. These growth conditions were discussed in detail and 
optimized elsewhere [37]. In summary, the pre-exposure AsH3 condi-
tions used (time and temperature) are derived from an optimization 
process based on the analysis of in situ measurements using Reflectance 
Anisotropy Spectroscopy (RAS). This analysis determined that at 
700–725 ◦C the resulting surface presented the expected RAS features 
for a Si wafer uniformly covered with consistently oriented As dimers, 
forming a single domain (i.e. a RAS signal with two strong peaks with 
energies at 2.9–3.4 eV and 3.6–3.9 eV [27],[43], and intensities ΔR/R 
between 1 and 2). Table I lists the AsH3 pre-exposure parameters for 
each sample. 

The characterization of the GaP crystals was carried out using TEM 
and STEM. Samples were prepared in cross-section by standard sample 
preparation methods, mechanical thinning and argon ion milling to 
electron transparency. The morphology and type of defects of the GaP 
crystals were examined in a Tecnai F20 operated at 200 kV. The 

A. Navarro et al.                                                                                                                                                                                                                                



Applied Surface Science 610 (2023) 155578

3

microstructure of the GaP crystals was determined by means of HRTEM 
images and the corresponding spot patterns obtained by Fast Fourier 
Transform (FFT). The chemical composition at the GaP/Si interfaces was 
studied using high angle annular dark field (HAADF) imaging together 
with electron energy loss spectroscopy (EELS) in a Nion UltraSTEM100 
aberration-corrected microscope operated at 100 kV. For the latter, the 
optics were configured for an electron probe of 31 mrad convergence 
semi-angle and 50 pA of beam current; the angular range of the HAADF 
detector was 90–185 mrad, while the EELS collection aperture semi- 
angle was 36 mrad. To provide high signal-to-noise data, and unless 
otherwise stated, micrographs presented below were generated by 
acquiring series of HAADF images consecutively prior to averaging using 
rigid registration techniques. EELS data was denoised using principal 
component analysis (as implemented in Gatan’s Digital Micrograph 
software suite). Maps were obtained by integrating over the relevant 
ionization edges at suitable energy ranges, after removing the decaying 
background using a conventional power-law model. 

3. Results & discussion 

As previously described, the purpose of this study is to determine the 
main mechanisms that control the formation of common 3D crystal 
defects that appear when GaP is grown on Si at high temperature using 
AsH3 pre-exposure. Discovering the causes that underlie the formation 

of defects is a key aspect to eventually prevent their occurrence. For this, 
an exhaustive analysis of the GaP crystals and the GaP/Si interfaces 
grown using different parameters (Table I) was carried out by means of 
TEM. The analyzed GaP crystals have been chosen with similar heights 
(around 100 nm) to be comparable. 

Fig. 1 gathers the most representative images obtained for Sample 1 
(Fig. 1a), and Sample 2 (Fig. 1b) by conventional Bright Field (BF) TEM 
analysis along the [110] zone axis. 

Despite the different growth conditions and different substrate mis-
orientations, the samples present a morphology analogous to island-like 
growth, showing both pyramidal and non-pyramidal features. Conse-
quently, it could be stated that the morphology of the GaP crystals is not 
dominated by the range of temperatures studied in this batch of exper-
iments, but by another mechanism. Moreover, there are no remarkable 
differences between samples in terms of density and type of defects. 
Specifically, planar defects, such as SFs and MTs were repeatedly 
observed along all the analyzed crystals. The origin of these defects 
could be due to some of the following factors: i) samples exhibit a 3D 
growth with a high amount of (111) GaP facets, so that when the islands 
grow they could be generating the MTs and SFs, ii) contamination 
(mainly O and C) at the GaP/Si interface due to their inefficient removal 
or iii) Si surface roughness due to pre-exposure with AsH3. 

To get a better understanding of the origin of these defects, and their 
relationship with the presence of contaminants on the Si surface before 
growth, high resolution TEM, high resolution STEM-HAADF and EELS 
measurements have been carried out on each sample along the [110] 
zone axis. Fig. 2 shows EELS false color maps of Si, O and C for the two 
samples in the areas where the defects were identified. The data suggest 
that some oxygen is present at the GaP/Si interface of Sample 1 (marked 
with a white arrow in Fig. 2a), whereas within measurement accuracy 
none was observed in similar regions on Sample 2. We note that except 
for adventitious surface contamination (derived, for example, from 

Table I 
Description of the MOVPE AsH3 pre-exposure routine.  

Sample AsH3 pre-exposure Miscut towards (111) plane 

Time (s) Temperature (◦C) 

1 150 700 6o [110] 
2 150 725 2o [110]  

Fig. 1. Morphology of the GaP crystals in conventional BF TEM images along [110] zone axis of (a) Sample 1 (T = 700 ◦C, t = 2:30 min), and (b) Sample 2 (T =
725 ◦C and t = 2:30 min). Both samples present a similar morphology of the GaP crystals and the most common planar defects (stacking faults and micro-
twins) appear. 
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sample preparation), carbon was not detected in any of the samples. 
To be more precise when determining the local presence of con-

taminants in the interface, EELS spectra have been evaluated in the three 
zones of interest for each sample. Fig. 3 shows the oxygen EELS spectra 
for Sample 1 (a) averaged over a representative area of 7.13 nm × 24.12 
nm (171.98 nm2) and Sample 2 (b) averaged over a representative area 
of 5.47 nm × 32.81 nm (179.47 nm2), measured at three different 
points, namely: silicon substrate (thick line), GaP/Si interface (dotted 
line) and GaP layer (dashed line). 

EELS spectra for Sample 1 revealed a significant peak of oxygen (532 
eV) in the GaP/Si interface (dotted blue line), as it also observed in the 
false color map. The oxygen level does not drop to zero when moving out 
of the interface (i.e. on the Si substrate or on the GaP layer), meaning 

that the sample is slightly oxidized. Note that the content of oxygen, and 
thus the background level is similar on both cases (silicon substrate and 
GaP layer). Nonetheless, it is clearly visible that the oxygen peak in the 
GaP/Si interface is significantly larger than the background level, 
corroborating the presence of oxygen in the interface prior to growth. 

On the other hand, EELS profiles measured on Sample 2 showed a 
null oxygen signal in the GaP/Si interface (dotted line). This observation 
agrees with the false color map, where no oxygen was detected on none 
of the three different areas. The fact that this element was not detected in 
our equipment can be explained either because there was not enough 
concentration to reach the detection threshold of the equipment or 
because the element was not present at all. In any case, the concentra-
tion is negligible as compared to Sample 1. 

Fig. 2. HAADF images and EELS false color maps of one GaP crystal along [110] zone axis of a) Sample 1 (T = 700 ◦C, t = 2:30 min), and b) Sample 2 (T = 725 ◦C, t 
= 2:30 min). Oxygen is only detected in Sample 1 and carbon is not detected in any of the samples. 

Fig. 3. Oxygen EELS spectra averaged over an area in the spectrum image in Fig. 2 measured in regions corresponding to the Si bulk, interface, and GaP layer for a) 
Sample 1 (T = 700 ◦C, t = 2:30 min), and b) Sample 2 (T = 725 ◦C, t = 2:30 min). There is remarkable oxygen at the GaP/Si interface of Sample 1, implying the 
presence of oxygen prior to the GaP growth. In contrast, there is no notable oxygen at the GaP/Si interface of Sample 2, so there is no oxygen contamination prior to 
the GaP growth. 
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These results (i.e., presence of oxygen in the interface of Sample 1, 
whose pre-exposure has the lowest temperature) supports the idea that 
the temperature plays a role on the deoxidation step [39],[44]. This 
agrees with previous results [27] in which the effectiveness of AsH3 in 
removing oxygen from the surface at temperatures higher than 700 ◦C 
was observed by Auger Electron Spectroscopy. 

Fig. 4 displays carbon EELS spectra for Sample 1 (a) and Sample 2 (b) 
averaged over the same representative area as Fig. 3 (a) and (b), 
respectively. In this case, the measurement of carbon levels at the three 
important points, namely: silicon substrate (thick line), GaP/Si interface 
(dotted line) and GaP layer (dashed line) have been compared to a 
carbon rich area. The presence of low levels of carbon contamination in 
both samples is suggested by a weak signal at the carbon ionization edge 
(K edge at 284 eV), regardless of the area where the analysis was per-
formed (i.e., GaP layer, interface, and Si substrate) indicating a slight 
post-growth contamination of the sample (typically during preparation 
for TEM characterization), likely on the surface of the thinned specimen. 
Compared to the carbon edge strength observed in a region outside the 
GaP layer, corresponding to areas where traces of the bonding agents 
used for the cross-section preparation remain (clearly seen in the false 
color map of Fig. 2), it can be stated with confidence that the concen-
tration of carbon present at the GaP/Si interface before the GaP growth 
was negligible on both samples. 

In any case, it was observed that regardless of the presence (and 
quantity) of contaminants, the same type of defects (i.e., SFs and MTs) 
was detected in both samples. Consequently, it seems that the formation 
of planar defects, such as MTs, is not directly related to the existence of 
traces of O or C on the silicon surface, since these planar defects were 
formed in the two samples analyzed. 

Having ruled out the existence of contaminants at the GaP/Si inter-
face as a factor responsible for the formation of MTs, atomic chemical 
analysis was performed using atomically resolved EELS for the two 
samples to find out if the cause behind the origin of these defects lies in 
3D growth. The measurements have been carried out in the area where 
the MT is formed and in the near surroundings, for comparison. 
Chemical maps were obtained from the Ga L2,3 (edge onset at 1115 eV), 
P K (onset at 2143 eV) and Si K (onset at 1839 eV) edges. The relatively 
high energy loss onset of these edges ensures good signal localization, 
helping with the interpretation of the data in terms of atomically 
resolved relative concentration variations [45]. Note that the As L2,3 
edge (onset at 1323 eV) was in the energy range collected in the 
experiment, but no signal was detected, indicating the absence of As in 
the samples (within the instrumentation detection sensitivity). 

Fig. 5 displays a representative STEM-HAADF image of Sample 2 
along [110] zone axis. It can be seen that the MTs are clearly along the 
[111] direction and originate from the GaP/Si interface. It is important 

to remark that since all samples looked very similar, the data presented 
for Sample 2 is considered to be representative of all the samples 
examined (and the STEM-EELS data collected for Sample 1, not shown, 
is entirely consistent with the observations in Sample 2). 

Two-dimensional chemical maps were obtained at one of the MT 
origins (solid square, Fig. 5b) and outside the planar defect at a position 
deemed visually ‘clean’ (i.e., a straight region of the interface devoid of 
defect: dashed square, Fig. 5c). For visual conciseness and to highlight 
the relative atomic column positions in the structure, RGB composites 
were created with the channels as follows: red (Ga L2,3 edge at 1115 eV), 
green (P K edge at 2143 eV), blue (Si K edge at 1839 eV). Note that the 
map intensities are normalized, so that they reflect the relative locali-
zation of the Ga, P and Si columns but do not provide quantitative 
concentration information. 

Fig. 5b (detailing the chemistry at the planar defect) shows extra Si 
intensity at the MT origin, coinciding with a drop in the Ga and P signals. 
This suggests that the MT origin has been reconstructed with extra Si 
present beyond the interface plane. Conversely, in straight interface 
regions (Fig. 5c), although the interface is quite sharp, there is system-
atically one or two layers of atomic columns where Si and Ga appear to 
be mixed. Considering that high energy ionization edges were used to 
generate these maps, which are less prone to delocalization, and the fact 
that the sample was thin (below 0.8 inelastic mean free path, as deter-
mined using the log-ratio method from low loss EELS data [46] acquired 
at the same position as the images and chemical maps, corresponding to 
ca. 35–40 nm thickness in all regions observed), it can be concluded that 
this is likely representative of some intermixing or mixed column oc-
cupancy at the interface across a couple of atomic planes. However, 
surface roughness in projection may additionally contribute to this 
observation and cannot be ruled out with certainty. 

In addition to this chemical analysis, high-resolution HAADF-STEM 
images were recorded to reveal the atomic arrangements at the planar 
defects and their surroundings. Atomically high surface steps on the Si 
substrate, appearing as ‘small darker bumps’ similar to that observed at 
the position of the 2D EELS map in Fig. 5b at the origin of the MT, are 
observed all along the interface (Fig. 6), suggesting the substrate 
roughness may play a role in the formation of the observed defects. 
However, images in Fig. 6 from two different regions of Sample 2 
illustrate the fact that the presence of these surface steps does not always 
lead to the formation of planar defects within the GaP, although it seems 
that the converse is true: the majority of MTs and planar defects 
observed terminate/originate at surface steps on the Si substrate. 
Therefore, 3D growth can be ruled out as the cause behind the origin of 
these defects. 

To gain a deeper understanding of the atomic configuration of the 
GaP/Si interface, Fig. 7 presents high-resolution STEM images along the 

Fig. 4. Carbon EELS spectra averaged over an area in the spectrum image in Fig. 2 measured in regions corresponding to the Si bulk, interface, GaP layer and a region 
rich in carbon outside the GaP for a) Sample 1 (T = 700 ◦C, t = 2:30 min), and b) Sample 2 (T = 725 ◦C, t = 2:30 min). There is no remarkable carbon contamination 
at the GaP/Si interface in any of the samples, so there is no carbon contamination prior to the GaP growth. 
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Fig. 5. EELS analysis of the origin of the MT 
observed on Sample 2 (T = 725 ◦C, t = 2:30 min) 
along the [110] zone axis. (a) HAADF overview 
image, showing the origin of the MT. The two areas 
where the compositional EELS 2D maps and simul-
taneously acquired HAADF intensity (b and c; the 
EELS intensity is normalized) were evaluated are 
highlighted by solid square (figure b, origin of the 
MT) and dashed square (figure c, outside the planar 
defect). The color composite combines the three in-
dividual maps with color channels as follows: red (Ga 
L2,3 edge at 1115 eV), green (P K edge at 2143 eV), 
blue (Si K edge at 1839 eV), for convenient visuali-
zation. At the origin of the MT, extra Si is observed, 
which coincides with a drop in Ga and P. In contrast, 
outside the MT an intermixing of a couple of atomic 
columns of Si and Ga is observed. (For interpretation 
of the references to color in this figure legend, the 
reader is referred to the web version of this article.)   

Fig. 6. High resolution STEM images of the [110] zone axis at the GaP/Si interface of Sample 2 (T = 725 ◦C, t = 2:30 min) of areas containing Si bumps where a) no 
planar defects were observed, b) a MT was present. Si bumps are areas where defects can or cannot be generated. 
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[110] zone axis of a defect-free region (a) and of a region where a defect 
is emerging (b). As can be clearly observed from the HAADF image 
contrast (which scales with the atomic number Z of the observed ele-
ments as Zn, n = 1.5–2 [47],[48]), in the defect-free region and the 
surroundings of the defect there is no change in polarity of the dumb-
bells, i.e., there is no inversion of the Ga–P polarity, and therefore no 
anti-phase domains (APDs) are observed. Fig. 7a reveals a sharp and 
ordered transition between Si and GaP, along the interface, including Si 
atomic step. In contrast, Fig. 7b shows a complex atomic rearrangement 
at the interface where the defect originates. 

Using the Z dependence of the HAADF intensity as a qualitative guide 
to provide a chemical assignment at each atomic column, and consid-
ering that ZAs = 33, ZGa = 31, ZP = 15, and ZSi = 14, we can build an 
idealized (and likely simplified) atomic model of the interface structures 
gathered in Fig. 7. This assignment is shown in Fig. 8 for a zone outside 

the defect (Fig. 8b) and another at the beginning of the defect (Fig. 8e). 
Fig. 8b and d show HAADF profiles along the lines marked in Fig. 8a, 
namely a dashed line outside the defect and a solid green line along the 
defect, respectively. Fig. 8c and e correspond to a detail of the interface 
(extracted from Fig. 8a) with superimposed colored circles indicating a 
proposed assignment of the three-existing types of atomic columns 
(silicon: yellow circles; gallium: red circles; and phosphorous: blue cir-
cles), outside the defect and in the defect, respectively, which will be 
discussed below. 

According to [49], there are two different configurations (polarities) 
for the arrangement of Ga and P atoms in a GaP layer grown on Si (i.e. 
Case A➔B and Case B➔A) as described in Fig. 9. According to the dis-
tribution of the Ga–P ‘dumbbells’ in our samples, they can be certainly 
classified as Case B➔ A (Fig. 9). 

On the other hand, depending on the nature of the atoms at the 

Fig. 7. High resolution HAADF STEM images at the GaP/Si interface of Sample 2 (T = 725 ◦C, t = 2:30 min) along the [110] zone axis. Fig. 7a corresponds to a 
defect-free region and Fig. 7b to an area where a MT has been detected. At the GaP/Si interface without defects there is an ordered transition between Si and GaP, 
while at the MT origin there is a complex atomic re-arrangement. 

Fig. 8. High resolution investigation of the onset of a MT at the GaP/Si interface of Sample 2 (T = 725 ◦C, t = 2:30 min) along the [110] zone axis. (a) HAADF image 
highlighting the areas (blue outside the MT and red at the origin of the MT) where the atoms (Ga, P and Si) have been identified and the lines where the intensity 
profiles have been taken. (b) and (d) intensity profiles analysis outside the MT and at the origin of the MT, respectively. (c) and (e) detail of the interface highlighting 
the three-existing type of atoms, outside the MT and at the MT origin, respectively. Yellow circles are for Si, red circles for Ga and blue circles for P. It is observed an 
intermixing of Ga and Si outside the MT and a complex atomic structure composed of groups of three or four atoms at the beginning of the MT. (For interpretation of 
the references to color in this figure legend, the reader is referred to the web version of this article.) 
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silicon surface, there are two proposed structures [49], named ‘abrupt’ 
or ‘compensated’, depending on whether the Si bonds to P (abrupt) or 
both Ga/P alternatively (compensated), the latter being the most stable 
configuration (Fig. 10). Fig. 8c, clearly demonstrates that in the defect- 
free region, that the GaP starts with Ga, since the Ga- (or Ga-rich) col-
umns can be easily identified due to their brighter intensity, as ZGa is 
much higher in comparison with P or Si (Fig. 8). However, a slightly 
lower intensity is observed in the first atomic plane in direct contact 
with the Si, compared to the Ga columns in the ‘bulk’ GaP region. This 
could be explained with the “compensated” configuration, in which Ga 
atoms are intercalated with Si, resulting in an attenuation of Z-contrast 
compared to that of a column consisting of just Ga atoms. Additionally, 
the EELS results highlighted some level of chemical mixing within a 
couple of atomic layers at the interface. All this suggests that the GaP/Si 
interface observed can be classified as Case B➔A compensated. 

Based on the data and the analysis presented, it can be suggested that 
the nucleation of the GaP layer starts with a Ga–Si bond, which is a 
surprising fact given that the growth procedure started in all the samples 
with exposure to PH3. This can be explained by surface exposure to 
AsH3, which favors Ga–Si bonds at the expense of P–Si bonds. On the 
other hand, the Ga–Si bonds arrangement is interrupted in the defect 
region (Fig. 8a). 

A high magnification detail of the onset of the MT in Fig. 8e suggests 
the presence of groups of three and four atomic columns just at the 
beginning of the defect. The exact chemical nature of the atomic col-
umns in this reconstructed region is difficult to establish with certainty. 

Several combinations of elements can lead to a similar Z contrast in 
projection, and unlike the pure GaP and Si regions, the onsets of defects 
are sensitive to the electron beam, making atomically resolved EELS 
analysis difficult in the conditions we used. Purely based on a qualitative 
comparison of HAADF intensities, and assuming pure columns (as 
opposed to mixed occupancy), we proposed a tentative assignment on 
Fig. 8e. This simplistic model illustrates the fact that the roughness of the 
Si substrate surface can favor P bonding to the silicon surface by 
revealing higher index planes. This also considers our EELS analysis 
which reveal the presence of Si inside the GaP layer, within the region of 
the planar defect. This in turn could be related to Si diffusion from the 
substrate to the epitaxial layer through defects, as previously reported 
by [50]. 

A search for structures using ab initio methods, combined with image 
simulations of the candidate structures, may provide further clues and a 
more definitive assignment of the chemistry of these atomic columns, 
but such a study is beyond the context of this work. 

Finally, it is important to comment that no traces of As were detected 
in any of the EELS measurements. This observation is consistent with the 
hypothesis that As dimers are completely displaced when TMGa or/and 
PH3 are introduced in the MOVPE reactor at the beginning of GaP 
growth [27],[37],[51] or that the As desorbs out of the Si surface due to 
the high temperature used [52]. In fact, it is most likely that Ga atoms 
are the responsible for As atoms displacement since the growth starts 
with Ga–Si bonds. 

In view of all these results, it could be concluded that: 

i. AsH3 pre-exposure and a growth temperature of 725 ◦C are suf-
ficient to achieve a surface free of contaminants (O and C).  

ii. The use of As-pre-exposure does not create intermediate GaAsP 
compounds. Moreover, no As is detected in the GaP/Si interface. 
This is most likely due to the fact that when TMGa is let into the 
reactor chamber, Ga atoms effectively displace As, which is 
totally removed from the growth surface. This is consistent with 
the fact that the GaP on Si growth starts with Ga–Si bonds for all 
AsH3 flows and growth temperatures under study.  

iii. The formation of stacking faults on GaP on Si appears linked to 
the interruption of Ga–Si bonds in the Si surface, an effect that 
might be enhanced on Si rough surfaces. 

These results increase the knowledge and understanding of the 
phenomena behind the formation of GaP defects on Si grown by MOVPE, 
with a view to designing an optimal procedure transferable to the 
photovoltaic industry. 

Fig. 9. Configurations reported in [2] for the arrangement of Ga and P atoms in 
a GaP layer grown on silicon substrates by MOVPE. On the right, high resolu-
tion STEM image of Sample 2, evidencing that Ga–P dumbbells are organized 
following Case B➔A. 

Fig. 10. Diagrams of the possible interface models reported in [1] for case B➔ A GaP layer grown on silicon substrate by MOVPE.  
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4. Summary and conclusions 

The use of AsH3 pre-exposure in high-temperature epitaxial growth 
of GaP layers on silicon substrates shows very promising properties for 
the integration of III-V compounds on silicon to develop high efficiency 
and cost-effective tandem solar cells. However, epitaxial processes using 
AsH3 pre-exposure as cleaning and substrate conditioning steps suffer 
from reproducibility and robustness issues. The effect of different AsH3 
pre-exposure parameters (i.e. temperature and time) on the morpho-
logical and structural quality of the GaP layer have been studied. All 
samples studied in this paper presented an island-like growth, 
combining the presence of pyramidal and non-pyramidal shapes. In all 
cases it has been observed that the only types of planar defects appearing 
in the GaP crystals were SFs and MTs. No APDs have been found 
throughout all the GaP crystals analyzed. 

Despite the similarities between the samples regarding the formation 
of planar defects, it has been observed that when the samples are 
exposed to temperatures lower than 725 ◦C, some contaminants (mainly 
O) remain on the Si surface. On the other hand, samples subjected to 
higher temperatures (i.e. > 725 ◦C) did not show these contaminants, 
confirming that pre-exposure to AsH3 helps in the Si deoxidation. This 
fact leads to the conclusion that the formation of planar defects is not 
related to the presence of O in the GaP/Si interface, as this type of de-
fects was observed in all cases, regardless the presence of O. 

Finally, planar defects have been analyzed by high-resolution STEM 
and EELS to achieve a better understanding of their origin and nature. 
The combination of the different techniques reveals that GaP crystals 
start with Ga at the GaP/Si interface, following a so-called “compen-
sated” atomic bonding model. On the contrary, a complex atomic dis-
tribution is observed at the GaP/Si interface where the planar defects 
originate. This set of results confirms that for these growth conditions, 
GaP nucleation begins with the Ga–Si bond and, consequently, the 
formation of planar defects could be linked to the interruption of Ga 
dimers on the Si surface, an effect which could be triggered by the 
roughness of the Si surface. 
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P. Kleinschmidt, F. Grosse, T. Hannappel, Atomic scale analysis of the GaP/Si(100) 
heterointerface by in situ reflection anisotropy spectroscopy and ab initio density 
functional theory, Phys. Rev. B Condens. Matter Mater. Phys. 90 (2014) 1–8, 
https://doi.org/10.1103/PhysRevB.90.235301. 

[50] Y. Kohama, K. Uchida, T. Soga, T. Jimbo, M. Umeno, Quality improvement of 
metalorganic chemical vapor deposition grown GaP on Si by AsH3 preflow 53, 
1988, pp. 10–13, https://doi.org/10.1063/1.100096. 

[51] E.L. Warren, E.A. Makoutz, T. Saenz, M. Martirossyan, A. Neumann, K. Horowitz, 
A. Matheson, A. Norman, A.C. Tamboli, J.D. Zimmerman, W.E. McMahon, 
Enabling low-cost III-V/Si integration through nucleation of GaP on v-grooved Si 
substrates, in: 2018 IEEE 7th World Conf. Photovolt. Energy Conversion, WCPEC 
2018 - A Jt. Conf. 45th IEEE PVSC, 28th PVSEC 34th EU PVSEC, 2018, 
pp. 268–270, https://doi.org/10.1109/PVSC.2018.8547324. 

[52] O. Supplie, M.M. May, P. Kleinschmidt, A. Nägelein, A. Paszuk, S. Brückner, 
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