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InAlAs metamorphic graded buffer

FANG Xiang'®, GU YI'*, ZHANG Yong-Gang'>*, ZHOU Li'?, WANG Kai',
LI Hao-Si-Bai-Yin', LIU Ke-Hui'”, CAO Yuan-Ying '
(1. State Key Laboratory of Functional Materials for Informatics, Shanghai Institute of Microsystem and Information Technology,
Chinese Academy of Sciences, Shanghai 200050, China
2. Key Laboratory of Infrared Imaging Materials and Detectors, Chinese Academy of Sciences, Shanghai 200083, China
3. Graduate School of Chinese Academy of Sciences, Beijing 100049, China)

Abstract: In, ,;Ga, », As/In .4 Al 2, As quantum wells and Ing g, Ga, s As photodetctor samples have been grown on InP-
based In,Al, As metamorphic graded buffers to investigate the effects of compositional overshoot on the material characteris-
tics. Atomic force microscopy results show that the surface roughness is reduced by the compositional overshoot in the InA-
1As buffer layers for both the quantum well and photodetector samples. In the case of thin quantum wells, X-ray diffraction
reciprocal space mapping and photoluminescence measurements show that the use of compositional overshoot can increase
the relaxation degree, reduce the residual strain and improve the optical quality. While in the case of thicker photodetec-
tors, no obvious improvement is observed after using compositional overshoot. The different behaviours of the metamorphic
quantum wells and photodetectors should be considered in the device applications.
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Introduction

Metamorphic growth has shown great potential in
fabricating high performance specific devices on con-
ventional substrates. By using the metamorphic
growth, the lack of large and high-quality commercial
substrates with desired lattice constants can be partly o-
vercome, which significantly favors the designs of de-
vice structures. However, the generation of disloca-
tions and the degradation of crystalline are always ac-
companied with the metamorphic growth. Accordingly,
a suitable buffer layer between the substrate and the
active layers is required. An appropriate buffer layer
should relax the strain sufficiently, prevent the propa-
gation of threading dislocations (TDs) formed during
the relaxation process into the active layers, and form a
moderate smooth surface morphology suitable for further
device processing. Various techniques have been im-
plemented in the metamorphic growth, such as the use
of a thick uniform buffer''’ | continuously graded**’ or
step graded buffer'*’. In addition, Be-doped buff-
er'® , dilute nitride buffer'”’ and the insertion of a
built-in strain field"®' or digital alloy'®! have also been
adopted to decrease the TD density. Considering the
convenience of practical operation during the growth,
reliability and reproducibility of the devices, the com-
positionally graded buffer is an easy and effective ap-
proach for metamorphic growth.

It was proposed that a dislocation-free portion will
be formed when the thickness of the buffer is excess of
a value of Z, in the linearly graded buffer. The value of
Z_ can be expressed as "

Z,=W-(2A/bce")"? , (1)
where W is the total thickness of the buffer, A is the
energy per unit length of the dislocation, ¢ is the ap-
propriate elastic constant for biaxial strain, b is the
misfit component of the Burgers vector of dislocation,
and g’ is the grading rate of mismatch. The residual
strain in this dislocation-free portion is

e=We' -Ze&' =(21&'/be)"? . (2)

In the linearly graded buffer, an “overshoot” of
the mismatch by an amount & is needed to make the
graded buffer lattice matched with the following layers.

InAlAs metamorphic buffers are very suitable for

the growth of high indium composition metamorphic op-
toelectronic structures on GaAs and InP substrates, in-
diodes
(PDs) "', Many investigations on InAlAs buffers were

cluding both laser and  photodetectors

performed on the samples grown on GaAs substrate

1231 whereas there are few studies of the InAlAs met-

amorphic buffers on InP substrate *'"). In this letter,

InGaAs/InAlAs quantum wells (QWs) and InGaAs PD
structures with high indium composition are grown on
InP-based In Al,  As metamorphic graded buffers. The
effects of the compositional overshoot in the In Al As
linearly graded buffers on the material properties have

been investigated in detail.
1 Experiments

The samples grown in this work were performed on
the (001 )-oriented InP epi-ready substrates by a VG
Semicon V80OH gas source molecular beam epitaxy
(GSMBE) system. The elemental indium, gallium and
aluminum sources were used as group III sources, and
their fluxes were controlled by changing the tempera-
tures of cells. Arsine and phosphine cracking cells
were used as group V sources, and the fluxes were
controlled by adjusting the pressure. The cracking tem-
perature was about 1000°C measured by thermocouple.
Standard beryllium and silicon effusion cells were used
as p- and n-type doping sources, and the doping levels
were also controlled by changing the temperatures of
sources. The surface oxide desorption of the substrate
was carried out under P, flux, including a slow ramp-
up of the substrate temperature until the reflection high
energy electron diffraction ( RHEED) pattern showed
an abrupt transformation to 2 X 4 surface reconstruc-
tion.

To investigate the effects of compositional over-
shoot in In_ Al,  As graded buffers, two In, ,4Ga, ,, As/
In, s Aly 5, As QW samples (samples 1 and 2) and two
In, ¢4 Gay s As PD samples (samples 3 and 4) were
grown. As shown in Fig. 1, the growth of the QW
samples started with a 100 nm InP buffer, followed by
al. 7 pm In Al As graded metamorphic buffer
through the simultaneous increase of indium source
temperature and decrease of aluminum source tempera-

ture. In the In Al,  As buffer, the indium composition
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x was designed grading from 0. 52 to 0. 78 for sample
1, and from 0. 52 to 0. 82 for sample 2 as shown in
Figs. 1(a) and 1(b), respectively. At last, three 10
nm In, ., Ga, ,, As QWs sandwiched by In, .4 Al ,, As
barriers were grown. The thicknesses of In, .4 Alj 5, As
barriers between the well layers were 12 nm, while the
thicknesses of the first and last barriers were 100 nm.
The In, ¢, Ga, s As PD structures contain a 200 nm
highly Be-doped p* InP buffer, a 100 nm highly Be-
doped p* Ing 5, Aly ,sAs buffer, a 1.76 pum highly Be-
In Al As graded buffer, a 72 nm In, g,
Gay 16 As/Ing g Ay s As digital graded superlattice
(DGSL) ™2 2.0 pm slightly Si-doped Ing g, Gay
As absorption layer, and at last a 0.25 pm highly Si-

doped p”*

doped Ing ¢, Ga, s As contact layer. In the In Al As
buffer, the indium composition x was designed grading
from 0.52 to 0. 84 for sample 3, and from 0. 52 to 0.
88 for sample 4 as shown in Figs. 1(c¢) and 1(d), re-
spectively. Therefore, for sample 2 and 4, there is an
indium compositional overshoot of 0. 04 in the end of
In Al As buffer layers with respect to the following
epilayers on the buffers.

After the growth, the surface of the samples were

D /pm

Metamorphic
QW structure

0
0.5 0.6 0.7 0.8 QWs
In composition |

observed by an atomic force microscopy (AFM). In
order to characterize the structural properties of all the
samples, X-ray diffraction reciprocal space mapping
(RSM) measurement was performed for the symmetric
(004) and asymmetric (224 ) reflections by a Philips
X’
(HRXRD) equipped with a four-crystal Ge (220)

monochrometer. The optical properties of the samples

pert MRD high resolution X-ray diffractometer

were investigated by the measurements of the room
temperature ( RT) photoluminescence ( PL) spectra.
The measurements were performed by a Nicolet Megna
860 Fourier transform infrared ( FTIR) spectrometer,
in which a liquid-nitrogen cooled InSb detector and a
CaF2 beam splitter were applied. A diode-pumped sol-
id-state ( DPSS) laser with the wavelength of 1064 nm
was used as the exciting source. The optical paths and
other measurement conditions are kept unchanged dur-
ing the measurement; therefore, the PL intensities of

various samples can be compared.
2 Results and discussion

The surface images observed by AFM in the tap-
ping mode are shown in Fig. 2. The scan area for each

sample is 40 um x 40 pm. All the samples show ob-

Metamorphic
PD structure
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The schematic structures of In, .5 Ga, ,, As/In, ;s Al ,, As QW samples and In, ;, GA, ,;As PD samples grown on

InP-based In, Al,  As metamorphic graded buffers. (a), (b), (c) and (d) refer to the indium composition profile ver-
sus the thickness of InAlAs buffer layer in samples 1, 2, 3 and 4 respectively
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vious cross-hatch pattern, which could be attributed to
the two types of misfit dislocations A and B oriented a-
long the [1-10] and [ 110] directions, corresponding
to group V and Il atom based cores, respectively.
From Figs. 2(a) and 2(b), it seems that there are
less ridges along the [ 1-10] direction in the surface of
sample 2 than that of sample 1. The root mean square
(RMS) roughness value is 16. 1 nm for sample 2 with
compositional overshoot, slightly smaller than 18.8 nm
for sample 1. For the In, g, Ga, ;s As PD samples, the
RMS value is 12. 6 nm for sample 4, also slightly smal-
ler than 14.5 nm for sample 3. However, it is not suf-
ficient to evaluate the sample quality only by surface

morphologies.

@) ©

sample, | sample 3

150nm

/['110] RMS=14:5nm
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sample 2 ' Onm sample 4
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Fig. 2 The AFM images of (a) sample 1, (b) sample 2,
(c) sample 3, and (d) sample 4

B2 AFEA AFM EIRE (a) BEAL 1, (D) FES 2, (o) FE R
3,(d)HEm 4

The measured X-ray diffraction RSM of sample 1
is shown in Fig. 3, and the RSM images of other sam-
ples show similar patterns. The intensities are in loga-
rithmic scale, the relative narrow and circular peak
corresponds to the InP substrate (denoted as S), and
the wide and elliptical peak corresponds to the epitaxy
structures on the metamorphic InAlAs buffer ( denoted
as L.). There are significant diffuse scatterings perpen-
dicular to the normal line mainly owing to the existence
of dislocations. ") On the (004) reflections, the diver-

gence of the centers of substrate peak and layer peak a-

long the horizontal direction corresponds to the macro-
scopic tilt angle of the layers to the substrate. Some

important parameters that could be extracted from the
RSMs image are listed in Table 1.

(224)
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Fig. 3 The RSM of In, ,4Ga, ,, As/In, ,4Al, ,,As QW sam-
ple 1 on InAlAs graded buffer. (a) along (004) direction ,
and (b) along (224) direction
B3 InAlAs #2828 i )2 I Ing 5 Gag 5, As/Ing 45 Al ,, As
T PRERE S 1 R 5 25 R T ] (a) X 4948 (004) T
T, (b) X SF£k(224) HIATH

Table 1 Results from RSM measurements for samples 1 ~4
F1 M RSM X PREE 4 MERBISHER

Indium Cubic | Parallel |Perpendicular| Tilting | Relax. |Residual

Samples "\ fismatch|Mismatch| Mismatch Angle | Degree | Strain
content

(%) | (%) (%) /) | (%) | (10-3)

1 0.774 | 1.675 | 1.459 1.510 0.194 | 87.2 | -2.13

2 0.781 | 1.730 | 1.716 2.006 -0.473| 96.5 | -0.60

3 0.838 | 2.125 | 2.069 2.324 -0.289| 97.4 | -0.54

4 0.840 | 2.136 | 2.095 2.288 -0.291 99.4 | -0.45

The definition of degree of relaxation R for a layer is
the ratio of parallel lattice mismatch éa , to the cubic
i.e. R=6a,/8a,. The cubic

mismatch means the fractional difference of the unit

lattice mismatch Sa, ,
cell lattice constants between the undistorted layer and
substrate. It could be calculated from the perpendicu-

lar and parallel mismatch 8a, and &a, , and follows

1
the form da,, = (8a, +28a,c,/c; )/ (1 +2¢,/cyyy,
where ¢,, and ¢, are the elastic constants of the layer.
And the residual strain can be also obtained from the
formula ¢ = (a )-a, )/a, . The tilting angle is the an-
gle between the substrate and the epi-layer surfaces.
As shown in Table 1, the relaxation degree is
87.2% for sample 1, whereas is increased to 96. 5%
for sample 2. The error in determining the degree of

relaxation as well as other parameters can be minimized
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by doing more symmetric and asymmetric scans for the
same sample on different direction. The manual peak Energy/eV Energy/eV
o 7 07 06 0.5 0.6 0.5 4
defining may also cause some error but less than 1% p Water absorption
during analyzing the RSM data in most cases. The re- Z spsamplel sample 3 3 3
< 4 <
. . B - > 2
sidual strain is 2. 13 x 10 ~* for sample 1 and —6.0 x Z 3 23
) 2
10 ~* for sample 2, respectively. The use of composi- k= ? =
tional overshoot in the In Al As graded buffer favors 0 0
’ 1.6 1.8 2.0 22 24 26 1820222426283.0

the full relaxation and the release of residual strain in
Ing .4 Ga, 5, As/Iny 14 Al ,, As QWs. In the case of In, g,
Ga, 4 As PD structures, the relaxation degrees are lar-
ger than 95% for both samples 3 and 4, and the resid-
ual strain are both approximately —5.0 x 107*. The
not obvious difference between samples 3 and 4 is
probably owing to the much thicker epilayers on the
In _Al, . As metamorphic graded buffers compared to
samples 1 and 2. For sample 4 with compositional o-
vershoot in the InAlAs buffer, it is believed that the re-
sidual strain has fully released after the growth of buffer
layer, and for sample 3 there is still some residual
strain after the growth of buffer layer and it releases
gradually during the growth of absorption layer, though
the final results show little difference between the two
samples. Therefore, it can be concluded that the struc-
tural properties are markedly improved by using the
compositional overshoot for the thinner QW structures,
while for the relative thick PD structures no obvious
improvement could be observed by HRXRD measure-
ment.

The RT PL spectra of the four samples are shown
in Fig. 4. For the two QW samples, the PL peak ener-
gies are both approximately at 2.2 pm. The PL inten-
sity of sample 2 is slightly stronger than that of sample
1 as shown in Fig. 4. It indicates that the optical prop-
erties of the QW sample 2 are improved and there are
less defects in the QWs of sample 2 after using the
compositional overshoot in the graded buffer. It can be
seen that the PL intensity of the two In, ¢, GA, sAs PD
samples are very close. It indicates that the effects of
compositional overshoot for thicker PD structures are

not as significant as in the case for thinner metamorphic

QW samples.
3 Conclusions

In conclusion, the effects of compositional over-

() ©

7 07 06 0.5 0.6 0.5

6 Water absorption
S c[sample 2 =
:“', 5 sample 4 3 3
N 2 2
z 3 @
E I E
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0 0

1.6 1.8 20 22 24 2.6 1.820222426283.0

Alum Apm
(b) (d

Fig. 4 The RT PL spectra of (a) sample 1, (b) sample 2,
(c) sample 3, and (d) sample 4

K4 FEOLEZOEHE (a) FEd 1, (b)FEML 2, () FEh 3,
(d) FEdn 4

shoot in InP-based In Al,  As metamorphic graded
buffers on the material qualities of In, .5 Ga, », As/Ing 4
Aly ,As QW and In, ¢ GA, ¢ As PD samples were in-
vestigated. The AFM results show that the composition-
al overshoot in the InAlAs buffer layers reduces the
surface roughness for both QW and PD samples.
HRXRD RSM and PL measurements show that the use
of compositional overshoot increases the relaxation de-
gree, reduces the residual strain, and enhances the op-
tical quality in the case of thin QWs. On the other
hand, no obvious difference is observed by HRXRD
and PL measurements in the case of thick PDs. The
different performances of the metamorphic QW and PD
structures need to be considered in the device applica-

tions.
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