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Abstract
A highly mismatched InGaAs metamorphic layer is grown by introducing a gradient interface between step-graded InAsP 
buffer layers via metalorganic chemical vapor deposition. The crystal growth quality of the gradient interface metamor-
phic layers and the one without gradient interface are compared. According to the tested results, applying a gradient 
interface between the step-graded InAsP buffer layers halves the surface roughness and doubles the photoluminescence 
intensity of the epilayers. This proves that the introduction of the gradient interface can improve the crystal quality and 
enhance the dislocation fusion during the growth of the large-lattice-mismatch materials.

Keywords InGaAs metamorphic growth · Step-graded buffers · Gradient interface (GI)

1 Introduction

The short-wavelength infrared (SWIR 1–3 μm) is a very 
important spectrum range for imaging and sensing. For 
wavelength less than 1.7 μm, lattice-matched InGaAs(P)/
InP materials have been fully developed and prove to be 
the best candidate for both photodetectors and lasers. 
To extend the wavelength of InGaAs beyond 2 μm, the 
In content of the InGaAs material must be increased. As a 
result, the lattice constant of the InGaAs will significantly 
increase, which in turn increases the lattice mismatch 
between InGaAs and the InP substrate. As the lattice mis-
match increases, the dislocations are also increased and 
the material quality of the InGaAs decreases rapidly.

The introduction of a buffer layer has been proved to be 
an efficient method to filter the dislocations and increase 
the crystal growth quality. The buffer layers are classi-
fied according to their material systems, such as ternary 
materials, e.g., InGaAs [1, 2], InAlAs [3, 4], and InAsP [5, 6], 
and quaternary materials, e.g., InAlGaAs [7, 8], InGaAsP 
[9], and AlGaAsSb [10]. The ternary InAlAs and InAsP are 
the commonly used InP-based buffer layer materials. The 

presence of Al in the buffer layer constrains the improve-
ment in crystal quality in the InAlAs buffer layers. On the 
contrary, the double-anion (group V atoms) characteristic 
of InAsP offers the potential advantages of easy growth 
rate and alloy composition control compared with the 
double-cation (group III atoms)-based materials. In addi-
tion, the lattice constant and energy bandgap of InAsP 
span between InP and InAs, which makes it an ideal buffer 
material for the growth of InAs quantum well/dot lasers 
and expanded-wavelength InGaAs photodetectors.

There are several growth options for the buffer lay-
ers, such as the step-graded buffer layers [11–13], linear-
graded buffer layers [14], two-/multi-step low-temperature 
buffer layers [15, 16], and superlattice buffer layers [17]. 
Linear-graded buffer layers are commonly used in metalor-
ganic chemical vapor deposition (MOCVD) growth of the 
buffer layers: By linearly adjusting the source flow rate with 
the mass flow controller (MFC), the material composition 
of the buffer layer can be easily changed from the sub-
strate to the desired composition of the epitaxial layer. 
Since the dislocations are merged through the extension 
of the linear-graded buffer, it is necessary to find a suitable 
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gradation speed for a better control of the dislocation den-
sity in epitaxial layers. Unlike the linear-graded method, 
the dislocations in the step-graded buffer are merged 
around the interface between two neighboring buffer 
layer steps. Hence, the control of the buffer layer interface 
is essential to reduce the dislocations in the step-graded 
buffer layers. The previous work has demonstrated that 
to grow a step buffer before the linear grading buffer is 
benefit to the crystal quality [18]. In our experiment, we 
have combined the step-graded buffer layer with the 
linear-graded buffer layer. By introducing a linearly com-
position-graded gradient interface (GI) between the two 
neighboring step buffer layers, the step-graded buffer 
layer is linearly graded from one composition to the next 
composition. We find that the introduction of the GI can 
change the dislocation slip mode at the step-graded buffer 
layer interface and can be used to suppress the extension 
of the dislocations in the buffer layer.

A preliminary theoretical discussion of the factors that 
influence the dislocation formation during the buffer layer 
growth will be followed by the experimental details in the 
subsequent sections. In the Results and discussion section, 
we will prove the benefit of introducing a GI between the 
neighboring steps of the graded buffers using various test 
methods.

2  Theory

During epitaxy growth, if the thickness of the epitaxial 
layer exceeds the critical thickness of the current strain 
situation, the stress generated from the lattice mismatch 
is released in the form of dislocations. These dislocations 
subsequently spread, slip, and merge with the continual 
growth of the epitaxial layers to achieve a stable state [19]. 
The dislocation density in the step-graded buffer layers 
can be expressed by the following empirical formula pro-
posed by Fitzgerald et al. [20]:

where ρt is the threading density that influences the 
photoluminescence (PL) intensity and X-ray diffraction 
(XRD) full width half maximum (FWHM); B is a constant 
with a unit of velocity, Y is the Young’s modulus, εeff is the 
strain reduced by the dislocation flow, m is an exponent 
between 1 and 2, Rg is the growth rate, Rgr is the variation 
rate (lattice mismatch per unit thickness), U is the disloca-
tion glide activation energy, k is the Boltzmann constant, 
T is the temperature, and V is the dislocation slip velocity, 
which can be expressed as follows:
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From the above equation, we see that during the 
growth of the step-graded buffer layers, the threading 
dislocation (TD) density is proportional to the growth rate 
and the variation rate and inversely proportional to the 
material-determined dislocation slip velocity expressed as 
V. Therefore, by changing the variation rate (Rg), growth 
rate (Rgr), and the dislocation slip velocity (V), the dislo-
cation density in the buffer layer can be effectively con-
trolled. Since the dislocation slip velocity is determined 
by the material properties and strains, in order to optimize 
the growth quality of the buffer layer, we need to calculate 
the interlayer mismatch between the steps of the graded 
buffer layer. Romanov and Speck et al. used a series of first-
order nonlinear partial differential equations to describe 
the process of annihilation through which the dislocations 
merge and evolve [21]. According to their research, suffi-
cient annihilation of the dislocations, without generating 
new dislocations, can be ensured, if the initial mismatch 
between the epitaxial layers does not exceed 0.003.

In the step-graded buffer layer, the composition of 
the material changes abruptly from one graded layer to 
another. Generally, it is believed that the mismatch stress 
is released at the interface between the buffer layers and 
new dislocations are formed if the growth condition is 
not well controlled. Moreover, while the TD is expected to 
decrease, it actually increases when the newly generated 
dislocations are more than expected. As a result, the mate-
rial quality significantly decreases although the grown 
buffer layer is sufficiently thick. Therefore, it is essential to 
control the generation and fusion of dislocations at the 
interface of the step-graded buffer layer to reduce the 
overall dislocation level of the buffer layer. Fortunately, 
during the growth of the linear-graded buffer, a disloca-
tion slip can be achieved by changing the graded gradi-
ent of the linear-graded buffer. We introduced the linear-
graded buffer layer at the interface of the step-graded 
buffer as a GI to control the extent of dislocations formed 
at the interface of the step-graded buffer and proved its 
effectiveness using a series of experiments.

3  Experimental details

All samples in this paper were grown on 2-inch (001)-ori-
ented InP epi-ready substrates using the Aixtron AIX-200 
MOCVD system. The pressure in the reactor chamber was 
maintained at 20 mbar. Using purified  H2 as carrier gas, 
the group III sources trimethylindium (TMIn), trimethyl-
gallium (TMGa) and group V sources pure arsine  (AsH3) 
and pure phosphine  (PH3) were injected into the reactor 
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chamber. Before the epilayer growth, the substrate was 
heated to 655 °C and maintained at this temperature for 
10 min in  PH3 atmosphere as a pretreatment to remove 
the surface oxide on the epi-ready substrate. An InP buffer 
layer was also grown under this temperature before reduc-
ing the temperature to 625 °C to grow the InAsP buffers. 
The growth rate of the InAsP buffer was maintained at 
about 1.35 μm/h. During the growth, the ratio between 
the group V and group III sources (V/III) was maintained 
at 70 ± 2. The step-graded ratio was about 0.01/μm, and 
the gradient ratio of the 12-nm-thick gradient interface 
was set to 0.25/μm.

Since InAsP is a double-anion-based material, its growth 
rate can be easily controlled by directly controlling the 
flow rate of the In source. At the same time, the composi-
tion of InAsP can be easily controlled by adjusting the flow 
rate of the group V sources to adjust the lattice constant of 
the epitaxy layer. In order to determine the growth thick-
ness of the buffer layer step, the critical thickness between 
the two adjacent epitaxy InAsP buffer layers was calcu-
lated using J. Zou’s method [22] with a strain step of 0.003. 
The results are listed in Table 1.

Previous experimental and theoretical calculations 
showed that for III–V–V-type ternary materials, the growth 
rate is mainly determined by the group III atoms and the 
group V sources are excessive in the reaction chamber. 
Moreover, the gas-phase composition and solid-phase 
composition of the group V atoms in the reaction cham-
ber are different [23]. We designed a series of composi-
tion calibration growth experiments to determine the flow 
rate of  AsH3 and  PH3 in the growth process of different 
 InAs1-yPy compositions. The experiments were divided into 
two categories. The first is the epitaxy growth under small-
strain conditions: Seven samples of five-period InP/InAsP 
superlattice with different compositions were grown, and 
the strained compositions of these materials were calcu-
lated by analyzing the XRD fringe peaks of the superlat-
tice. The second category was the epitaxy growth under 
large-strain conditions. Five samples of 1-μm-thick InAsP 
monolayers were grown, and the relaxed compositions of 
these materials were also calculated by XRD peak position 
analysis. All calculated data points are plotted in Fig. 1. The 
relationship between the solid and gas components can 
be obtained by a polynomial fitting of these points. The 
data points in the green circle in Fig. 1 are observed to 

deviate from the fitting curve. This is because during the 
growth process, when the single-layer strain is too high, 
the critical thickness becomes too small to perform an XRD 
analysis of the epitaxy layer in the superlattice structure. 
On the other hand, when the single-layer strain is too 
small, the critical thickness increases to the extent that a 
1-μm layer cannot sufficiently relax the epitaxy layer for 
XRD analysis.

After determining the relationship between the flow 
rate and composition, we performed the buffer growth 
experiment: Three different groups of buffer layer struc-
tures named S11, S12, and S13 were grown. Sample S11 
contains eight buffer layers, each with a thickness of 
300 nm, which is represented using solid lines in Fig. 2a. 
There are 12 layers in S12 and S13, and they are repre-
sented using both the solid and dotted lines in Fig. 2a. 
The first four layers are divided by the dotted lines to 
form eight layers, and the next four layers are the same as 
S11. The As contents of the first seven layers of S11 were 
carefully adjusted to approximately 0.09, 0.18, 0.27, 0.36, 
0.45, 0.54, 0.63. A small amount of overshoot [24] was 
introduced in the last layer such that the As content of 
the InAsP was 0.65. The last four layers of S12 and S13 have 
the same thickness (300 nm) and As composition as S11. 
However, the thickness of their first eight layers is half that 
of S11 (i.e., 150 nm), while the As content of each layer in 
S12 and S13 is half that of the corresponding layer in S11, 
as shown in Table 2. Meanwhile, GIs were introduced in 

Table 1  Critical thickness of 
InAsP

The calculation of the critical thickness is based on the neighboring content of As. For example, the crit-
ical thickness result for Column 2 (0.1851) is calculated using the mismatch between 0.1851 and 0.0926, 
and the result for Column 3 (0.2777) is calculated using the mismatch between 0.2777 and 0.1851, and 
so on

As mole fraction 0.0926 0.1851 0.2777 0.3702 0.4627 0.5553 0.6478
Critical thickness (nm) 263.8 264.7 265.7 266.6 267.5 268.5 269.4

Fig. 1  Pre-experiment results and polynomial fit of the result data
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sample S13, which means that in the growth process, the 
interface region of the step buffer layers of S13 is grown 
without interruption by the linear-graded method. The 
gradient of the GI is about 0.25/μm. After the growth of 
the buffer layers was complete, an InGaAs epitaxy layer 
of approximately 1.5-μm thickness was grown, in order to 
compare the growth quality of the buffer layers.

4  Results and discussion

The XRD intensity and FWHM of the grown samples are 
listed in Table 3. The TD density can be approximately cal-
culated by the following equation [25]:

where D is the TD density, b is the Burgers vector, and 
FWHM is the full width half maximum of the epilayer.

Table 3 shows that peak intensity and the FWHM of S11 
are different from those of S12. This is in contradiction with 
the theoretical analysis that the TD density should be con-
stant when the growth rate and the variation rate are not 
changed. We believe that this difference is mainly caused 
by the difference in the dislocation slip velocity between 
the two samples. The dislocation activation energy of 
InAs (1.4 eV) [26] is slightly less than that of InP (1.6 eV) 
[27], and the total activation energy in the epitaxial layer 
decreases with As content, resulting in an increase in the 
slip velocity, which reduces the dislocation density and 
narrows the XRD peak width. After applying the GI, both 
the intensity and FWHM of S13 are observed to improve, 
which demonstrates the improvement in the crystal qual-
ity of the epitaxial layer.

Scanning electron microscope (SEM) images of the 
three samples are shown in Fig. 3. Under the same mag-
nification, S11 contains obvious TD points while the other 
two do not. Besides, S11 and S12 contain deeper stress 
lines than S13, which is the benefit of applying GI.

To further compare the difference between the materi-
als with and without GI, we prepared two more samples 
named S21 and S22. The buffer structure of these two sam-
ples was identical except that GI was applied to the inter-
face between the different steps of S22. Figure 4 shows 
the AFM images of S21 and S22. The calculated surface 
roughness of S22 is 2.16 nm which is almost half that of 
S22 (4.1 nm). By comparing the AFM image of the cross-
hatch channel regions, which is illustrated in the left part 
of Fig. 4, we observe that the trend of dislocation fusion 
in S22 is more obvious than in S21, which does not have 
GI. This shows that the introduction of the GI improves the 
slip mode of dislocations and fuses the dislocation more 
efficiently.

The laser confocal microscope (LCM) images of S21 and 
S22 are also shown in Fig. 5. Clear crosshatched patterns 
are observed in all images, indicating a good relaxation 

(3)D =
FWHM2

2�b2 ln 2
≈

FWHM2

4.35b2

Fig. 2  a Schematic of the experiment samples. b Buffer profile of 
the step-graded sample (left) and the GI sample (right)

Table 2  As content of different layers of S11, S12, and S13

Layer Thickness As content

S11 (nm) S12 and S13 
(nm)

S11 S12 and S13

1 300 150 0.09 0.045
150 0.09

2 300 150 0.18 0.135
150 0.18

3 300 150 0.27 0.225
150 0.27

4 300 150 0.36 0.315
150 0.36

5 300 300 0.45 0.45
6 300 300 0.54 0.54
7 300 300 0.63 0.63
8 300 300 0.65 0.65

Table 3  Growth parameters of the three samples

ID S11 S12 S13

Steps (thickness/nm) 8 (300 nm) 8 (150 nm) + 4 
(300 nm)

8 (150 nm) + 4 
(300 nm)

Gradient interface No No Yes
XRD intensity 1306 1800 2558
Substrate FWHM/arcs 55.7 74.2 68.8
Layer FWHM/arcs 995.7 905.7 745.7
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state of the large lattice mismatch in the epitaxy layers 
[28]. The results of the crack formation at the crosshatch 
pattern valleys (the colored lines in Fig. 5) show that the 
stress is concentrated at the valleys of the crosshatch pat-
tern, as reported previously [29]. Moreover, Fig. 5 shows 
that the surface roughness of S22 (Ra = 0.1949 μm), which 
is the sample with GI, is slightly smaller than that of the 
S21 (Ra = 0.2031), which does not have GI.

We also obtained the asymmetric reciprocal space map-
pings (RSM) of S11 and S13 using high-resolution X-ray 
diffractometer (HRXRD). Because the epitaxy layer is thick, 

the asymmetric diffraction in the (115) direction was cho-
sen to obtain further information about the lower buffer 
layer and substrate.

Figure 6a is the RSM without adding a third axis of the 
HRXRD. In this case, a stronger diffraction signal can be 
obtained; however, the peak width of the epitaxy layer 
will be broadened due to the broadening of the X-ray. 
Because a small amount of overshoot is introduced to 
improve the crystal quality during the sample growth, 
an additional diffraction signal is observed in the region 
outside the epitaxy layer. The relaxation rate calculated 

Fig. 3  SEM image of a S11 b S12 and c S13 with the magnification of 2500x

Fig. 4  AFM images of samples 
S21 and S22, (left) near cross-
hatch channel region, (right) 
relative flat region
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using software analysis in Fig. 6b is 98.676% for sample 
S11 and 98.60% for sample S13, which indicates that the 
epitaxial layers of both samples have almost completely 
relaxed. Furthermore, Fig. 6a shows that S11 contains 

distinct buffer subpeaks while the buffer region of S13 
does not have distinct subpeaks, which is similar to the 
RSM of linear-graded buffer. This is because the inter-
face between the buffer layers becomes blurred after 
introducing the GI. A convex grade buffer glide mecha-
nism and the pair annihilation mechanism (suggested 
by Choi et al. [30]) can be expressed using the following 
expression:

where a is a constant determined by the pair annihilation 
probability and D is near-surface TD density, which, in our 
experiment, is assumed to be the TD density at the end of 
the linear change. We solve this function to obtain:

where D0 is the TD density of the previous layer. By 
applying GI, the annihilation length in the step region is 
increased. As a result, the TD density is reduced and the 
crystal quality is improved.

We also applied the PL test to the samples with and 
without the GI. The PL intensity almost doubled with the 
introduction of GI to the step-graded buffers, and the 
FWHM decreased, indicating an increase in the crystal 
quality. Using the buffer layer as a pseudosubstrate, we 
grew a five-period InAs/InGaAs multi-quantum well and 
obtained the PL spectrum at about 2.45 μm at room tem-
perature (RT 300 K). This proves that the applying of the 
GI can improve the crystal quality of the large-lattice-
mismatch epitaxy layers (Fig. 7). 

In summary, XRD, SEM, AFM, LCM, RSM, and PL tests 
are applied to the samples with and without GI. The 
introduction of GI reduces the FWHM of the epilayer 
peaks by more than 15% according to XRD results. 
Based on the SEM, LCM, and AFM test results, the surface 
roughness also reduces significantly after the application 

(4)
dD(x)

dx
= −aD2

(5)D(x) =
1

ax + 1∕D0

Fig. 5  Laser confocal micro-
scope image

Fig. 6  Asymmetric (115) reciprocal space maps of S11 and S13 a 
without third axis and b with third axis
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of GI. Moreover, the PL intensity of the epilayer with 
GI buffer is about twice as large as the one without GI 
buffer. The AFM and RSM results illustrate that GI buffer 
changes the dislocation fusion mechanism and is benefit 
to the epilayer growth.

5  Conclusion

We discussed the effect of the introduction of GI to step-
graded buffers on the growth quality of large-lattice-mis-
match materials. The GI causes a continuous gliding and 
annihilation of the dislocation between the steps of the 
step-graded buffers. Using the XRD, LCM, SEM, AFM, RSM, 
and PL measurements and analyses, we observed that the 
introduction of GI enhances the dislocation fusion and 
improves the crystal quality of the large-lattice-mismatch 
materials.
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