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A B S T R A C T   

High-quality cubic GaAs (111)A buffer layers have been grown on an atomically flat c-plane trigonal sapphire 
substrate having well-defined steps and terraces. A two-step growth method has been used where, at an early 
stage, a GaAs layer has been grown at low temperature (LT), followed by second high-temperature GaAs growth 
layer. In addition to the two-step growth process, an AlAs nucleation layer and multiple annealing steps have 
been employed. The effectiveness of the LT GaAs layer in this highly dissimilar epitaxy was then investigated. An 
LT GaAs layer resulted in a relaxed GaAs buffer with smooth surface morphology and high crystalline quality. An 
InGaAs quantum well (QW) was epitaxially grown on the 70 nm GaAs buffer and compared with a reference 
InGaAs QW grown on a GaAs (111)A substrate. Along with x-ray and high-resolution cross-section transmission 
electron microscopy, comparable QW photoluminescence intensity and linewidth with respect to reference 
InGaAs QW confirmed the effectiveness of our growth strategies to produce high-quality GaAs on sapphire. This 
demonstrates the opportunity for GaAs photonics on sapphire and the potential to realise an integrated micro
wave photonic chip on a sapphire platform.   

1. Introduction 

As a result of the fact that GaAs is a direct band gap semiconductor, it 
has found many light-emitting applications. In fact, with applications in 
mind, GaAs has been grown on both native and foreign substrates for 
decades. Most of these reports have used substrates having a similar 
cubic crystal structure [1,2]. In this paper, we report on ultrathin cubic 
GaAs buffers (60–70 nm) having high crystal quality that has been 
grown on a dissimilar substrate - trigonal c-plane sapphire. 

The reason for choosing sapphire is that it is an ideal platform for 
integrated microwave photonics (IMWP). As a substrate, sapphire has 
the immediate advantage of an existing silicon on sapphire (SOS) 
technology for electronics components and an existing body of work on 
Si3N4 on sapphire for waveguide and passive components. It also has the 
very important advantages over other substrates, such as silicon, of an 
excellent coefficient of thermal expansion match with III-V semi
conductors. As a result, enabling the growth of an efficient light-emitting 
material, such as III-V semiconductors on sapphire, can be significant to 

the realization of complete integration of MWP functionality on a single 
photonic chip. In addition, the GaAs on sapphire system has other 
important material properties, such as a large refractive index contrast 
between GaAs and sapphire; a high resistivity of the sapphire substrate; 
transparency of the sapphire substrate near the III-As band gap 
providing the potential for 3D photonic systems [3,4]; and importantly, 
at low cost. These properties make GaAs on sapphire an ideal system for 
IMWP and more generally, photonic applications. 

However, the realization of this ideal platform comes with great 
challenges. Two of these challenges are (i) the large lattice constant 
mismatch and (ii) dissimilar crystal structure between GaAs and sap
phire. Atomic arrangements of the c-plane of sapphire and GaAs (111) 
plane are shown in Fig. 1. The lattice mismatch is ~46% compressive if 
we assume there is a one-to-one mapping between Ga/As atoms in GaAs 
to oxygen atoms in sapphire. The lattice mismatch is ~16% tensile if we 
assume there is a one-to-one mapping between Ga/As atoms in GaAs to 
octahedral hollows in sapphire. In spite of the ever-increasing expansion 
of the sapphire substrate in different fields of electronics and 
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optoelectronics [5], the cubic III-V on sapphire system has been almost 
untouched except with few scattered reports [6–11]. However, our 
initial research on this system has encouraged to investigate its potential 
for IMWP [4]. 

When grown on c-plane sapphire, GaAs selects a (111)A orientation. 
The result is a rough surface with 60◦ rotated twin defects which are 
common even for homoepitaxially grown GaAs (111)A [12]. In addition, 
the large lattice mismatch and interface energy result in the generation 
of misfit and threading dislocations in the epitaxial layer. Managing 
dislocations to achieve a high-quality GaAs active layer is, therefore, a 
serious challenge. More generally, in previous studies on reducing the 
level of dislocation defects, a buffer layer is commonly used to confine 
generated dislocations and to produce a template for further growth of 
active layers having a significantly lower dislocation density [13,14]. 
The desirable evolving properties of the buffer are: (a) fully relaxed, (b) 
smooth surface, and (c) low threading dislocation density [15]. To 
achieve these properties, a two-step growth technique has been used 
successfully [16–21]. This paper utilizes a similar low temperature (LT) 
GaAs layer as a first step, followed by a higher temperature (HT) growth 
layer, to suppress threading dislocations (TDs) and produce an ultrathin 
GaAs buffer, which provides a highly relaxed, smooth active surface that 
produces high-quality photoluminescence. 

There are different models in the literature offered to explain the 
mechanism by which an LT GaAs buffer significantly reduces the 
dislocation density. Of these, the most common model is based on 
“dislocation bending” at the LT GaAs/HT GaAs interface due to the 
sudden transition in stress. At the interface, the lattice constant of GaAs 
grown at LT is larger than the lattice constant that forms at HT GaAs due 
to arsenic “antisite defects” [16,17,21]. As a result, there is a lattice 
mismatch at the LT GaAs/HT GaAs interface that produces misfit dis
locations which, in turn, suppress the threading dislocations by bending. 
Other models are based on dislocation blocking during island coales
cence [22] or an introduction of dislocations model, that happens before 
or after island coalescence [23]. In any case, a two-step LT GaAs/HT 
GaAs approach has been taken in the research reported in this paper. 
More specifically, the schematic of the structures investigated, with a 
total growth time of about 1 h, is shown in Fig. 2(a). A thin AlAs layer (5 
nm) has been grown before the GaAs layer. This improves the wetting of 
the substrate, reduces twinning, and enhances the quality of the GaAs, as 
reported in our earlier publication [4]. More specifically, multiple 
annealing growth interruptions was found to achieve twin-free GaAs 
[4]. 

In this research, we investigated, the importance of the thickness of 

the LT-GaAs layer (which depends on the growth time “t1 mins” in Fig. 2 
(a)) on the quality of the GaAs buffer grown on c-plane sapphire. The 
XRD, surface smoothness and PL were studied as a function of the 
thickness of the LT layer. Finally, an InGaAs quantum well was grown on 
the GaAs buffer (shown in Fig. 2(b)) and compared with an InGaAs 
quantum well (QW) grown on a GaAs (111)A substrate with a GaAs 
buffer as a test of the quality of the buffer and the quantum well. 

2. Experimental procedure 

All samples were grown by solid source molecular beam epitaxy 
(MBE). Substrates were backside coated with 1 μm titanium for uniform 
and efficient heating. Before transferring to the load lock chamber, 
substrates were degreased with acetone, methanol and deionized (DI) 
water. In the load lock chamber, they were heated at 200 ◦C for 1 h to 
mainly evaporate any water remaining from the cleaning process. Af
terward, substrates were transferred to the degassing chamber where 
they were annealed at 900 ◦C for 6 h and then transferred to the growth 
chamber. In the growth chamber, substrates were heated to 900 ◦C for 3 
h to get a clean smooth surface free of any organic contaminants. Before 
starting the growth, we exposed the surface to an arsenic flux of 5 ×
10−6 Torr at 650 ◦C for half an hour [9]. The substrate was then heated 
to the growth temperature according to the thermocouple reading. 
However, the actual surface temperature of the substrates maybe 30 to 
100 ◦C less than the thermocouple temperature since the thermocouple 
is not touching the surface of the substrate. The growth rates of GaAs and 
AlAs were 0.75 ML/s and 0.2 ML/s, respectively. These growth rates 
were calibrated on GaAs (100) substrates where sticking coefficients of 
Ga and Al are close to unity. The V/III beam equivalent pressure (BEP) 
ratio during GaAs growth was 40. During the growth, real-time moni
toring was done using reflection high energy electron diffraction 
(RHEED) set at 20 keV accelerating voltage and 1.5 A cathode current at 
a glancing angle of 1–2◦ to the substrate. 

The surface morphology of each sample was investigated by atomic 
force microscopy (AFM) (Bruker, model number 3000 dimension III) 
using the tapping mode. AFM was performed using stable, sharp tips (Si 
tip material, tip radius ~ 10 nm) with optimized feedback and force 
parameters. To measure the optical properties, samples were mounted in 
a closed-cycle cryostat (Janis CCS-150) for the low-temperature photo
luminescence (PL) measurements at 10 K. A 532-nm continuous-wave 
laser was used to optically excite the sample and a liquid nitrogen- 
cooled CCD detector array (Princeton Instruments PyLoN: 1024-1-.7) 
attached to a 50-cm focal-length spectrometer (Acton 2500) was used 

Fig. 1. (a) C-plane sapphire atomic arrangement showing one layer of oxygen atoms and one layer of Aluminum atoms, (b) either Ga or As atomic plane for 
GaAs (111). 
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to detect and investigate the PL signal. To understand the structural 
properties and crystalline quality of grown materials, a PANalytical 
X’Pert MRD diffractometer equipped with a multilayer focusing mirror, 
a standard four-bounce Ge (220) monochromator providing a collimated 
and monochromatic incident Cu Kα1 source of radiation (λ = 0.15406 
nm), and a Pixel detector, was used for the x-ray diffraction (XRD) scans. 
To evaluate the strain in the GaAs buffer, micro-Raman measurements 
were conducted at room temperature using a Horiba LabRAM HR800 
system equipped with a He–Ne laser (λ = 633 nm, power = 5 mW), a 
0.75 m spectrometer, and a thermoelectrically cooled Si charge-coupled 
device (CCD). An Olympus BX41 microscope equipped with a 100×

objective was used to focus the laser light on the sample to a spot size of 
about 1 μm and collect the backscattered Raman signal. An edge filter 
was placed in the collected light to remove the elastically scattered laser 
light at 633 nm. 

To determine the semiconductor film thickness, spectroscopic 
ellipsometry (WVASE32), with the capability to measure at different 
angles of incidence (65◦, 70◦ and 75◦) and having a resolution of 10 nm, 
was used to collect spectroscopic data in the range of 0.496–4.768 eV 
(260–2500 nm). A built-in WVASE32® software was used to perform the 
data fitting process. Meanwhile, to investigate interfaces, a transmission 
electron microscope (TEM) was used. In this case, the sample was pol
ished until 20 μm thickness using an Allied High Tech Products Inc. 
polisher. A Fischione 1010 low-angle ion milling instrument was used to 
make the needed hole in the center of the sample. Using a Cs corrected 

Titan 80-300, with a Schottky field emission gun (FEG) that is operated 
at 300 kV, cross-sectional high-resolution TEM (HRTEM) images were 
taken. A TF20 TEM, with electron sources operated at 200 keV, was also 
used. 

3. Results and discussion 

3.1. Surface characterization 

All sapphire substrates, used in this research, possess a well-defined 
step-terrace surface. The importance of having a step-terrace and clean 
substrate surface for dissimilar material growth is shown in earlier 
publications [4,24]. This surface was achieved by heating as-received 
substrates at 1200 ◦C for 6 h in atmospheric conditions. Fig. 3 shows 
the representative AFM images of an as-received substrate and a well- 
defined step terrace surface. After annealing, the substrate surface is 
atomically flat and clean. The surface has terrace heights of 1 monolayer 
(0.2–0.3 nm) and terrace widths around 200–300 nm. The unintentional 
miscut of substrates used was less than 0.1◦, as calculated from Fig. 3(b). 
A line profile of the surface along the perpendicular direction of steps is 
shown in the top right inset of Fig. 3(b), where one monolayer high step 
can be easily seen. Bottom right inset of Fig. 3(b) shows the RHEED from 
the sapphire substrate just before the growth. Narrow streaks and 
Kikuchi lines validate the cleanliness of the prepared substrate. 

To study the effectiveness of the added growth of an LT GaAs layer, 

Fig. 2. (a) Generalized schematic structure of samples presented in this work; (b) schematic structure of InGaAs QW.  

Fig. 3. AFM image of (a) as received sapphire substrate (b) surface after annealing. The top-right inset shows the line profile perpendicular to the surface steps and 
the bottom-right inset shows the RHEED along [1120] of sapphire from the cleaned substrate just before the growth. 
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three different samples are grown with different thicknesses LT layer 
corresponding to the growth time of 16 min (S1), 8 min (S2) and 0 min 
(S3). The growth temperature of GaAs layers after the LT GaAs layer is 
700 ◦C. AFM surface morphology of these samples is shown in Fig. 4 
(a–c). Pyramidal hillocks are observed on the surface of all samples. 
Random shaped large and deep pits are observed on the sample without 
an LT layer (S3). Most of these pits have penetrated up to 60 nm of GaAs 
film. Fig. 4(d) and (e) show the RHEED after the growth of these sam
ples. For the sample with no LT GaAs growth or t1 = 0 (S3), a streaky 
RHEED pattern is observed, with clear spots on the streaks. Meanwhile, 
for samples grown with an LT GaAs layer (S1 and S2), the observed 
streaky RHEED pattern is (2 × 2) indicating smoother surface 
morphology of S1 and S2 after growth compared to the rougher surface 
for S3. The root mean square (RMS) surface roughness on the scan area 
of 5 μm × 5 μm, observed for samples S1, S2 and S3 are 1.76 nm, 1.55 
nm, and 9.46 nm, respectively. Both RHEED and AFM confirm that the 
presence of an LT layer results in smoother surface morphology of the 
GaAs layer. Even though the RMS roughness value of S1 is higher than 
S2, the pyramidal hillock density is smallest in S1. The appearance of 
pyramidal surface features is very common for GaAs growth on a GaAs 
(111)A surface and has been explained either by a high Ehrlich- 
Schwöbel (ES) barrier [12] or by adatom motion in presence of stacking 
faults [25,26]. However, growth on the homoepitaxial GaAs (111)A 
surface does not show surface pits. Pit formation then likely has a 
different origin. For GaAs (111) surfaces, the formation of etch pits have 
been reported after thermal and chemical treatment [27,28]. It is 
generally accepted that these etch pits are related to defects in the 
crystalline film [28–30]. Presence of pits on the surface of S3 is indic
ative of high defect density in the film during growth and subsequent pit 
formation by etching during the growth and/or annealing processes. For 
example, etching could be the result of Ga droplet formation during 
growth, considering the lower sticking coefficient of arsenic on a GaAs 
(111)A surface. 

Results obtained from XRD and ellipsometry show that the thickness 
of GaAs film is around 70 nm, far from the nominal thickness we ex
pected. Thickness values for all three samples are listed in Table 1. The 
lower actual thickness of the GaAs film compared to the nominal 
thickness values can be understood by recognizing the very low sticking 
coefficient of As on GaAs (111)A surface compared to the GaAs (001) 

surface [31]. The depth of the pits in S3 is almost the same as the 
thickness of the GaAs. It is highly possible that the observed pits in the 
AFM image of S3 have penetrated down to the thin AlAs nucleation 
layer. This could happen either because of a lower growth rate on top of 
the defected region in AlAs and/or due to the evaporation of material 
during annealing from the defected region. 

3.2. Structural characterization 

From symmetric ω-2θ scans of all three samples, shown in Fig. 5(a, 
b), only (111) crystal orientation was observed. It is very important to 
notice in Fig. 5(a) that the interference fringes can be observed in the 
two samples with the LT layer (S1 and S2) and no fringes are observed in 
the sample without an LT layer (S3). Absence of interference fringes is 
mainly related to the non-uniform thickness of GaAs film due to the 
rougher surface morphology of the sample S3. The fringes were very 
prominent for sample S1 than the sample S2 although the RMS rough
ness of S1 is higher than S2. This could be because the surface of S1 has a 
larger area of high smoothness. Importantly, observed fringes corre
spond to the total GaAs thickness of 72 ± 5 nm (both in the case of S1 
and S2), listed in Table 1. 

Fig. 5(b) shows the peak shift of the GaAs (111) peak with respect to 
sapphire (00.6) peak. Samples show the shift in peak from the bulk GaAs 
peak position. Either strain or crystallographic tilt in an epitaxial film 
can cause the shift in the peak position [14,32]. Hence, it’s difficult to 
conclusively state the strain in GaAs film from these ω-2θ scans. Raman 
spectroscopy is a great tool to measure the strain in thin films. Fig. 5(c) 
shows the Raman spectroscopy of three samples along with GaAs (111)A 
substrate. Raman shifts of GaAs longitudinal optical (LO) peak for S1 
and GaAs substrate are almost same. Sample S3 shows the lowest 
phonon frequency for GaAs LO peak and the highest strain among the 
three samples. These results suggest that S1 has the least strain whereas 

Fig. 4. AFM images (5 μm × 5 μm) of (a) S1, (b) S2, (c) S3; RHEED images along [110] direction of GaAs (d) after growth of entire structure of S1 and S2, 0th, ½th 
and 1st order RHEED streaks are marked, longer broken lines show the integer-order RHEED streaks whereas shorter broken lines show fractional-order RHEED 
streaks; and (e) after growth of S3, spots riding on streaks can be seen, few spots are shown by arrows. 

Table 1 
Thickness of III-As film on sapphire.  

Measurement method S1 S2 S3 

XRD 71 nm 72 nm NA 
Ellipsometry 61 nm 69 nm 62 nm  
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S3 is the most tensile strained among all thee samples. 
Phi-scans for the (220) plane of GaAs has been plotted in Fig. 5(d) 

where arrows show the (10.4) planes of sapphire substrate. Equally 
separated three (10.4) planes show the trigonal space symmetry of 
sapphire substrate. From the phi-scan (and also from RHEED), In-plane 
epitaxial relation between the sapphire substrate and GaAs is found to be 
[
1120

]

Sapphire
‖

[
110

]

GaAs
. Phi-scans for each of these three samples 

show almost no twinning. A slight hump does appear in phi-scan for S1. 
This can be explained as due to the low growth temperature, a large 
amount of twins are generated early in this stage, which can be seen in 
the RHEED image after LT GaAs growth (shown in the inset of Fig. 5(d)). 
A rough surface and the presence of twinning are observed in the RHEED 
pattern. However, superior PL and rocking curve (RC) linewidth (will be 
shown in later sections) indicate that these twins do not penetrate to top 
GaAs layers. This also confirms the effectiveness of the annealing steps 
to suppress twins. 

Fig. 6(a) shows the HRTEM image of sample S1 near the interface. A 
sharp film/substrate interface can be seen indicating the high quality of 
sapphire substrate. As expected, the film/substrate interface is highly 
defective. A stacking fault (SF) is shown in the image by a broken line. 
Even though the material near the film/substrate interface is defective, 
these defects are mostly confined and do not propagate to the top GaAs 

layer. As a result, good quality GaAs is obtained after only 70 nm of 
growth. It demonstrates the high effectiveness of the LT GaAs layer to 
confine defects within itself. Fig. 6(c) shows the effect of defect propa
gation to the surface of the film to cause a pit at the surface. 

The rocking curves (RCs) of these three samples are shown in Fig. 6 
(b). The RC measurement or omega scan is an effective way to assess the 
crystalline quality of the material. More specifically, the higher the 
linewidth of the RC the lower the crystal quality. RCs of all three samples 
show a sharp peak with broadening at the base of the curves, suggesting 
that the curve is the sum of two effects. Each RC is fitted with two 
Gaussian curves: one with a lower linewidth and the other with the 
higher linewidth. Table 2 listed the results of Gaussian fittings of these 
three samples. The sample with no LT layer (S3) shows the highest ratio 
of integrated intensity between the broader and sharper peaks while 
sample S1 shows the lowest value of this ratio. One possible explanation 
for this RC base broadening is the presence of point defects in GaAs. A 
diffuse scattering peak is often observed in epitaxial layers and is asso
ciated with the presence of point defects [33]. A second possible 
explanation is that these two curves can arise from two different regions 
of different quality GaAs that make-up the film. We have seen the 
HRTEM result indicating that the region closer to the film-substrate 
interface has poorer quality than the region away from the interface. 
In S3, the higher integrated area of the broader peak with respect to the 

Fig. 5. (a) Omega/2theta scan of samples grown with three different LT layer thickness’, GaAs peak is centered at same 2θ angle to show the shape variation and 
fringes of GaAs (111) plane diffraction peak in three samples; (b) (111) symmetric Omega/2theta scan showing the shift of GaAs (111) peak with respect to sapphire 
(00.6) peak; (c) Raman spectra of these samples with homoepitaxial GaAs (111)A sample, arrows pointing the GaAs longitudinal optical (LO) phonon peaks of these 
three samples show the gradual shift of LO peak from homoepitaxial GaAs, TO stands for transverse optical phonon peak; and (d) phi-scan of (220) plane for these 
three samples showing the twinning in GaAs film, dotted line show the peak position for 60◦ twins, Arrows show the peak positions of (10.4) planes of sapphire, the 
Inset shows the representative RHEED along [110] direction after LT GaAs growth in S1 and S2, some spots corresponding to rotational twins have been shown by 
arrows while spots corresponding to reflection twins have been shown by dashed circles. 
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sharper peak indicates that this sample has either a higher volume of 
low-quality GaAs or simply has more point defects. Either way, RC in
dicates that the presence of the LT layer improves the crystalline quality 
of GaAs. Judging from HRTEM, the higher quality of GaAs in S1 might 
be related to efficient bending of dislocations along the LT GaAs/GaAs 
interface to form misfit dislocations (MDs). This is reasonable since there 
is higher stress accumulation at the interface due to the higher thickness 
of the LT layer in S1. 

3.3. Photoluminescence (PL) 

We also investigated the photoluminescence from the three samples 
which are shown in Fig. 7(a). S1 shows the highest PL peak intensity 
among the three samples. This is consistent with the highest GaAs layer 
quality as indicated by the XRD and AFM results. Noticeably, the GaAs 
PL peak does not occur at the same energy for all three samples. Prob
ably, this is because of the effect of background noise, especially in the 
case of S3. 

In summary, the narrower PL and RC linewidths along with a higher 

PL intensity of S1 indicate that it has less defect density near the top 
GaAs layer and it would be the best candidate among the three as a 
template to grow active device layers on it. With this in mind, we grew a 
10 nm wide In0.1Ga0.9As/GaAs QW (S1-QW) on top of S1. The compo
sition and thickness values of the QW are nominal. We also grew the 
same QW on a GaAs (111)A substrate (p-InGaAs-QW). The PL spectra of 
QW samples are shown in Fig. 7(b). Theoretical PL peak position for 
electron energy level to heavy-hole energy level is near 1.37 eV. How
ever, the observed PL transition energy of QW is 1.49 eV. We have 
already seen the small actual thickness of the GaAs compared to the 
nominal thickness, likely due to the different sticking coefficient. The PL 
linewidth, peak position and integrated intensity of the QW peak from 
both samples are listed in Table 3. The PL intensity of the InGaAs QW on 
sapphire is of the same order as observed for the QW on the GaAs sub
strate. Moreover, the integrated intensity of the QW peak for S1-QW is 
higher than p-InGaAs-QW. The QW peak positions are almost at the 
same energy in both samples. However, the broadening of the QW peak 
in the case of GaAs on sapphire is higher. This might be expected due to 
the higher interface roughness and/or higher defect density resulting 
from the mismatch in substrate and film material properties. Both can be 
improved and is the focus of our future work. While more research is 
required, we have presented the potential to realize an integrated mi
crowave photonic chip on a sapphire platform. 

4. Conclusion 

We have investigated the effectiveness of LT GaAs layer on the 
quality of GaAs buffer on c-plane sapphire. The LT GaAs, at the early 
stage of growth, results in smooth surface morphology. The surface is 

Fig. 6. (a) Cross-sectional HRTEM image of S1 near film/substrate interface, SF is the abbreviation for stacking fault; (b) RC of all three samples (c) HRTEM image 
showing the formation of a pit on the surface due to extended defect. 

Table 2 
Linewidth and integrated intensity ratio of broader and sharper curves from 
Gaussian fitting of RC for samples S1, S2, and S3.  

Sample 
ID 

Linewidth of 
sharper peak 
(arcsec) 

Linewidth of 
broader peak 
(arcsec) 

Integrated intensity ratio 
of broader to sharper 
peak 

S1  187.2  1195  1 
S2  187.2  1710  5.2 
S3  212.4  1364  6.6  
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also described by pyramidal mounds and randomly shaped pits. The 
presence of pyramidal features is explained by high Ehrlich-Schwöbel 
(ES) barriers and adatom motion in the presence of stacking faults, while 
the pits are attributed to thermal etching by Ga droplets which form due 
to the lower sticking coefficient of arsenic on a GaAs (111)A surface. 
XRD omega-2theta scan and Raman results indicate that the absence of 
LT GaAs results in compressively strained GaAs which matches our 
speculation on the atomic arrangement. Phi-scan shows almost no 
twinning and HRTEM indicate an abrupt interface between film and 
substrate with very defects mostly confined near film/substrate inter
face. Rocking curves of these films can be fitted with two Gaussian 
showing the two different regions of different quality material which are 
also confirmed by HRTEM images. Together, these observations indicate 
that the GaAs buffer with the LT layer is effective in achieving high- 
quality GaAs on sapphire and demonstrates the potential to realize an 
integrated microwave photonic chip on a sapphire platform although 
much work is needed to be done. 
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