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Abstract: In order to reduce the dislocation density and improve the performance of high indium
content InggyGap 13As films, the design of double buffer layers has been introduced into the
Ing g2Gag 18As/InP heterostructure. Compared with other buffer layer structures, we introduce
an InP thin layer, which is the same as the substrate, into the Ingg,Gag 18As/InP heterostructure.
The epitaxial layers and buffer layers were grown by the low-pressure metalorganic chemical vapor
deposition (LP-MOCVD) method. In this study, the surface morphology and microstructures of
the heterostructure were investigated by SEM, AFM, XRD and TEM. The residual strains of the
Ing g2Gay 13 As epitaxial layer in different samples were studied by Raman spectroscopy. The residual
strain of the Ing gyGay 13As epitaxial layer was decreased by designing double buffer layers which
included an InP layer; as a result, dislocations in the epitaxial layer were effectively suppressed since
the dislocation density was notably reduced. Moreover, the performance of Ing g,Gag 13As films was
investigated using the Hall test, and the results are in line with our expectations. By comparing
different buffer layer structures, we explained the mechanism of dislocation density reduction by
using double buffer layers, which included a thin InP layer.

Keywords: Ing gyGag 13As; semiconductor III-V materials; epitaxy growth; MOCVD; InP buffer layer;
dislocation density

1. Introduction

The ternary III-V compounds In,Ga;_xAs (0 < x < 1) with features such as relatively high
carrier density, wide direct band gap ranging from 0.35 to 1.42 eV, high reliability and radiation
resistance [1-5], have wide applications in short-wave infrared photodetectors [6-9] and solar cells [10,
11]. Particularly, high indium content In,Ga;_xAs (x = 0.82) detectors with a cut-off wavelength
of more than 2 pm applied in aerospace imaging (such as earth observation, remote sensing and
environmental monitoring, etc.) and spectroscopy attract more interest [12]. InP and GaAs substrates
have been commonly used for the growth of In,Ga;_4As films [13-15]. However, the lattice mismatch
between the epitaxial layers and substrates strongly affects the performance of the Ing gyGag 18As films.
The lattice mismatch between the Ing g Gag 18As and InP is 2%, whereas in the Ing g, Gag 138As/GaAs
heterostructure it is greater than 5.6% [16]. So, InP is often used as the preferred substrate material,
however, the lattice mismatch is still too large to obtain a good Ing goGag 18As film. So, in order to obtain
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high quality InggyGag 18As/InP (100) structures, the lattice defect formation due to misfit remains
a major problem that needs to be solved. The insertion of buffer layers (with the same composition as
the epitaxial layer or graded buffer layers for relevant components with epitaxial layers) [12,17,18]
between the substrate and the epitaxial layer is a common and critical approach used to improve the
quality of epitaxial layers. However, there is little research done on the buffer layer associated with the
substrate material, especially for In,Ga;_xAs/InP heterostructures.

In a previous study, we discussed the relationship between dislocations and microstructure in
Ing g2Gag 13As/InP heterostructures without a buffer layer [19]. In this experiment, to release the
strain and obtain a better In Ing gyGag 13As film, a thin Ing gyGag 13As layer was employed as a buffer
for InP-based Ing gyGap 13As. Additionally, we introduced a thin InP layer as a buffer between the
Ing g2Gag 13As buffer layer and InP substrate. We believe that the thin InP layer can play a role in
reducing dislocation in the epitaxial layer. We expected that the dislocation density would be reduced
by the epitaxial layer growth. We designed three different buffer layer structures for comprehensive
comparison in order to verify our assumptions. The effects of different buffers on the material quality
and performance of thw Ing gyGag 13As/InP (100) heterostructure were investigated. Based on TEM
images of the three typical structures, the dislocation formation mechanism was also investigated.
The results will be helpful for understanding dislocation behaviors in the growth of the heterostructure
with relatively high lattice mismatch, and further in the design of appropriate buffer layers for
fabrication of high indium content InyGaj_yAs with a high carrier density.

2. Results and Discussion

In order to better verify and clarify the unique role of the InP buffer layer, we designed three
different kinds of buffer layer structures and compared them. Based on their structures, the three
samples were labelled as sample A, B and C, respectively (see Materials and Methods or Figure 1
for details).

InGaAs InGaAs SR InGaAs
1500 nm 1500nm g DLy 1500nm
InGaAs W InGaAs
120 nm 73 100
200 nm by i
S — — InP

Figure 1. Cross-sectional TEM images of the three samples with different buffer layer structures, (a)
Sample A; (b) Sample B; (¢) Sample C.

As shown in Figure 1, the epitaxial layer of the sample C had the least number of dislocations. So,
we proposed that the double buffer layers’ structure, especially the thin InP layer, could play a unique
role in improving the performance. The quality of a semiconductor always has a relationship with
the surface morphology. This is because the surface morphology of the epitaxial layer is strongly
related to dislocations in the epitaxial layer. In order to verify our assumption that sample C had the
best surface morphology, the surface morphology and roughness of the Ing gpGag 13As epitaxial layers
were examined by SEM and AFM. As shown in Figure 2, small holes or shallow stripes in Figure 2c
are fewer than in Figure 2a,b. Also, the surface roughness of the samples was obtained by software
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analysis. The surface roughness of the three samples was 17.3, 11.0 and 7.4 nm, respectively. The values
are consistent with the SEM results. As a result, the surface becomes smoother with the insertion of
the InP layer. Therefore, we believe that sample C has the minimum number of dislocations in the
epitaxial layer.
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Figure 2. (a—c) show the SEM and AFM images of Ing gyGag 13As epitaxial layers grown with different
buffer layer structures.

In general, while the dislocation density is used to characterize the number of dislocations,
the full width at half maximum (FWHM) is used to characterize the crystalline quality and dislocation
density of the thin films. The full width at half maximum (FWHM) of Ing g2Gag 15As epitaxial layers
was obtained from the (004) X-ray rocking curves (RCs), as shown in Figure 3a. The FWHM of the
Ing goGay 18As epitaxial layers decreases as the thickness of the buffer layer increases. However, with
the insertion of the InP layer, the FWHM of the Ing g,Gag 13As epitaxial layer decreased more obviously
than the increasing thickness of the single buffer layer. It was shown that the insertion of a InP thin
layer improved the quality of the Ing gGag 18As epitaxial remarkably. Moreover, as shown in Figure 3a,
in the X-ray 004 curve, the peaks were at the same angle among these wafers; by careful contrast,
the peak positions of the rocking curves of the three samples did not coincide completely (enlarge the
Figure 3a), which showed that the stress had an influence on the lattice constant.
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Figure 3. (a) Comparison between the rocking curves of the In g,Gag 13As epitaxial layers for samples
A-C; (b) Raman spectra of the Ing gpGag 13As epitaxial layers for samples A-C.

The smallest FWHM of 0.183° was obtained in sample C, which provided the best crystalline
quality. Moreover, based on the value of FWHM, we could calculate the dislocation density of the
epitaxial layers according to the following formula [20,21]:

Ngis = 2 (FWHM)? /9a,> 1)

where FWHM is in radians, and ay is the lattice constant of the epitaxial layer. In this paper, ag = 5.9584 A.
Based on the above results, it was calculated that the Ing g,Gag 18As epitaxial layer of the sample C
with the smallest FWHM had the minimum dislocation density. The obtained values of the dislocation
density are presented in Table 1. The dislocation densities in different regions (at the interface and the
surface), also calculated by the IFFT method [19], are given in Table 1.

In the case of the lattice mismatch between the Ing goGag 13As epitaxial layers and the InP substrate,
mismatch stress in the epitaxial layer is very important for the surface morphology, microstructure
and properties of the sample. Strain relaxation has been investigated by means of Raman scattering in
Ing 82Gay 18As epitaxial layers under the (111) back-scattering geometry. Furthermore, it is confirmed
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that the thickness (1.5 pm) of Ing gpGag 18As epitaxial layers is far beyond the penetration depth. Based
on the study of Raman scattering of InyGaj_yAs materials, due to a limitation of the scattering selection
rule, in the Ing g,Gag 18As epitaxial layer of sphalerite structure will appear different phonon modes
under different back-scattering geometry. Under a (011) back-scattering geometry, there is only the TO
mode, and under the (100) back scattering there is only the LO mode without the TO mode, but the two
modes will appear in the (111) back scattering. In Figure 3, strong peaks corresponding to InAs-like LO
and GaAs-Like LO phonons and weak peaks corresponding to InAs-like TO and GaAs-TO phonons
are observed. Usually, these weak peaks are obscure as configuration appears in the left shoulders of
the InAs-like LO frequency and GaAs-Like LO frequency [22]. A strong and sharp peak corresponding
to InAs-like LO is due to the high content of In. The InAs-like LO frequencies remained near 233 cm !
in InyGa;_yAs Raman scattering, and the GaAs-like LO frequency varied with the In content [23].

Table 1. Variation of full width at half maximum (FWHM); dislocation density Ngjs (Ngjs from rocking
curves); frequency shift between OLO and wy (AQ;0); strength of the residual strain (F); dislocation
density of the interface between the epitaxial layer and buffer layer p;; dislocation density of the surface
ps (pi and ps from IFFT of TEM, for Sample C; pj; is the dislocation density of the interface between
the two buffer layers; pj, is the dislocation density of the interface between the epitaxial layer and

buffer layers).
FWHM Nais LO (a1 AQro F [ Ps
Samples (Degree)  (x10° cm™2) O™ (em™) (em™1) (x10°N-cm™2) (x10° ecm~2)  (x10 cm~?)
A 0.298 1.69 248.7 4.26 -1.917 5.44 2.78
B 0.262 1.31 250.5 2.46 —1.106 3.43 1.54
C 0.183 0.64 251.8 1.16 —0.4901 127 (pin) 0.69
2.44 (pi2)

The relationship between the frequency shift of GaAs-like LO of the In,Gaj_,As film and stress
in the epitaxial layer is:

F =3A010wo/[(S11 4 2512) (p +29) — (S11 — S12)(p — 9)] )
AQo = O — wy'© 3)
wor© = —32.4x% — 18.6x + 290 4)

where F is the strength of the residual strain which is summarized in Table 1; wo© is the frequency of
In,Gaj_4As epitaxial material in stress-free condition; OLO is the actual measured value of GaAs-like
LO frequency; wy is the optical phonon frequency at k = 0; p and g are optical phonon deformation
constants; S1; and Sp, are elastic constants; x is In constant [22,24-26].

Because x = 0.82, the calculated wOLO is 252.96 cm~1. As shown in Figure 3 and presented in
Table 1, the positions of the GaAs-like LO peaks were not very close to each other with the shift
differing by about 3 cm~! and sample C had the smallest value of AQ; . As a result, all these numbers
were negative, which represented the direction of the stresses. However, the stresses in the epitaxial
layer of different samples have the following relationship: Fa < 0, Fb <0, Fc <0, Fa > Fb > Fc. Small
residual strain leads to little dislocations required to release it and the surface morphology becomes
better. This result is consistent with the FWHM and the SEM (or AFM) images.

Moreover, high resolution transmission electron microscopy (HRTEM) was used to analyze the
microstructure of the epitaxial and buffer layers more visually. We chose the cross-section TEM images
that were under the same axial to better illustrate the experimental results of dislocation reduction.
In Figure 4a—c, a lot of dislocations interlaced together; with increasing thickness of the buffer layer
and insertion of the InP layer, the number of dislocations was reduced obviously. In the previous
report, the dislocation types (60° and 90° dislocations) at the interface were analyzed in detail [27,28].
In Figure 4d—e, we have shown the interfaces of different regions of sample C. It is shown that little
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dislocations existed at the interface of the epitaxial layer and buffer layer. We calculated the dislocation
density at different regions (near the interface and near the surface) of the three samples by the IFFT
(magnified inverse fast Fourier transform) method. The results are presented in Table 1. The value
of dislocation density at the interface between the two buffer layers (12.7 x 10 ecm~2) was much
larger than that at the interface between the buffer layer and epitaxial layer (2.44 x 10" cm~2),
which indicated that dislocations in sample C were strongly confined in the InP buffer. It led to the
least surface dislocation density value in sample C. These results are in agreement with the results
calculated by Formula (1). Due to no lattice mismatch between the epitaxial layer and the buffer
layer, the interface boundary was not very clear. No lattice mismatch results in no misfit stress and
misfit dislocations. The threading dislocations are directly related to the multiplication of the misfit
dislocations in the buffer layer or the multiplication of the dislocations during the epitaxial layer
growth process. The above argument is still applicable to the InP buffer layer and substrate.

iy

Inos2Gao.isAs
epitaxial layer

Dislocations

» . D WS B B . TR

« Inus2GaoisAs
buffer layer

Dislocations

N

Figure 4. TEM images for samples A-C with different buffer structures. (a-c) cross-sectional views of
the Ing gpGag 13As epitaxial layers which were with different preparation buffer structures under the
same axial; (d) cross-sectional view of sample C; (e) high-resolution image between the epitaxial and
buffer layers of sample C; (f) high-resolution image between the double buffer layers of sample C.
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We think that the insertion of the thin InP layer reduced the misfit stress between the Ing gGag 15As
buffer and substrate due to no lattice mismatch between the InP buffer layer and substrate. So, with
this design of double buffer layers, there was no lattice mismatch not only between the epitaxial and
buffer layers but also between the buffer layer and the InP substrate. Moreover, insertion of the thin
InP layer prevented the movement of defects, especially dislocations from the substrate to the buffer
layer, thereby reducing the source of the dislocations in the buffer layer. As a result, the density of
dislocations in the Ing goGag 13As epitaxial was reduced. However, although there is a lattice mismatch
between the two buffer layers, the misfit stress between the two buffer layers was less than that between
the Ing gGag 13As buffer layers and the InP substrate, and the InggyGag 13As buffer was relatively
thick enough to suppress the motion of the misfit dislocation compared with the InP buffer layer.
So, the misfit stress and the strength of the residual strain were both reduced. As a result, the misfit
dislocations were limited in the Ing g2Gag 18As/InP double buffers and the threading dislocations are
effectively suppressed. Hence, the best surface morphology and performance of the Ingg,Gag 18As
epitaxial layer was obtained.

In order to test the performance of the samples, and verify our hypothesis, we did the Hall test.
Table 2 shows the results of the Hall test for all three samples at 300 K. Because the values of the
Hall coefficient are negative, the Ing gpGag 13As epitaxial layers are n-type semiconductor materials.
Of all samples, sample C still had the largest carrier density and the smallest resistivity although other
parameters were similar in all samples. Sample C can be regarded as having the best electric property
performance. Hence, sample C was found to have the best surface morphology and performance of
the Ing gpGag 18As epitaxial layer. This finding is consistent with our hypothesis.

Table 2. Results of Hall test of the three samples at 300 K.

Resistivity Hall Coefficient/Ryg Carrier Density/ny Hall Mobility/uy

Samples ( 10—6 O/em)  (x10-2 em—3C—Y) (x10% cm—3) (x10° em2(V-g)—1)  1yPe
A 6.6782 11105 5.6214 16718 n
B 6.5794 —1.0880 5.7390 16331 n
C 6.5581 ~1.0559 5.9133 15973 n

3. Materials and Methods

3.1. Sample Preparation

Before the growth of the epitaxial layers, the InggyGag13As buffer layer or Ingg,Gag 18As and
InP buffer layers were introduced into the structure under the same growth conditions at 703 K.
The buffer layers were grown by low-pressure MOVCD (AIXTRON 200/4). Three heterostructures
(A—C samples) were grown with different buffer structures: sample A only with a thin Ingg,Gag 18As
buffer layer for 100 nm; sample B with an Ing gpGag 13As buffer layer for 120 nm; and sample C with
a 100 nm Ing gpGayg 18As buffer layer in addition to another thin InP buffer total for 120 nm (Figure 1).
The Ing g,Gag 13As epitaxial layers in these samples were also grown by low-pressure MOVCD with
a thickness of 1500 nm at 923 K. TMGa, TMIn and 10% arsine (AsHj3) in H, were used as precursors.
Palladium-diffused hydrogen was used as a carrier gas. The substrates on the graphite susceptor were
heated under inductively coupled radio frequency power. The reactor pressure was maintained at
1 x 10* Pa.

3.2. Characterization Techniques

After growth, the morphologies of the three samples were observed by atomic force microscopy
(AFM, Multimode 8, Berlin, Germany) and a scanning electron microscopy (SEM, VEGA 3, Tescan,
Brno Czech). A high-resolution X-ray diffractometer (XRD, D8, Bruker, Berlin, Germany) was used for
the FWHM measurements to investigate the crystalline quality of the epitaxial layers. The samples
for TEM observations were prepared using the FIB technique. Transmission electron microscopy
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(TEM, JEM-2100F, JEOL, Toyko, Japan) operated at 200 KV was used for TEM observations; high
resolution transmission electron microscopy (HRTEM) was used to observe cross-section samples.
Raman scattering spectroscopy (UV-Horiba, Tokyo, Japan) and Hall tester (Lake-7704A, Lower Lake,
CA, USA) were used to measure the stress and Hall effect of the samples.

4. Conclusions

In summary, we investigated the surface morphology and microstructure by XRD, AFM, Raman
spectroscopy and TEM. We also verified the semiconductor performance by the Hall test. These data
testify to our assumptions and standpoints. We explain the role of the InP buffer layer. The results
showed that for the high In content Ing g,Gag 18As/InP system, the buffer layer was effective for
relieving the crystalline quality deterioration of the epitaxial layer due to a large lattice mismatch.
In particular, the design of double buffer layers including an InP layer more effectively suppressed the
formation of the misfit dislocations for no lattice mismatch between the buffer layer and the epitaxial
layer (or substrate) compared with increasing the thickness of a single InggyGag13As buffer layer.
The experimental results showed that it is feasible to reduce the dislocation density and improve
the quality of the epitaxial layer by introducing Ingg,Gag 18As/InP double buffer layers with the
same substrate material. Despite a relatively good InggyGag 1gAs film obtained in this study there
is still a need for further investigation to estimate the most suitable thickness of the double buffer
layers” design.
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