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Optimization of growth temperatures for InAlAs metamorphic buffers
and high indium InGaAs on InP substrate
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Abstract: In, ,,Ga, ;As layers were grown on InP substrate with InAlAs metamorphic buffers by gas source mo-
lecular beam epitaxy. The characteristics of InGaAs and InAlAs layers grown with different temperature schemes
were investigated by high resolution X-ray diffraction reciprocal space maps, atomic force microscopy, photolumi-
nescence and Hall-effect measurements. Results show that a higher growth temperature gradient of the InAlAs met-
amorphic buffers leads to a broader (004) reflection peak. The tilt angle between the epilayer and the substrate in-
creases as well. The surface of the buffer layer becomes rougher. It indicates that the material defects increase and
lattice relaxation becomes insufficient. In, 4, Ga, ,;As layers were grown on the InAlAs metamorphic buffer with a
fixed growth temperature gradient. A higher growth temperature leads to a moderate full width at half maximum
along the Q, direction of the (004 ) reflection, a stronger photoluminescence at 77 K, but a rougher surface of
In, 4, Ga, ;As. This indicates that the material defects can be suppressed at higher growth temperatures.
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Introduction

The ternary III-V  compound semiconductor,
In,Ga, As (0<x<1), with the band gap ranging from
0.35 to 1.42 eV, has significant applications for optoe-
lectronic devices in the infrared area, such as light emit-
ters, thermophotovoltaics, and photodetectors etc. ''*! In
recent years, there is a great demand for infrared detec-
tors with the cutoff wavelength range of 1 ~3 pum, in the
applications of spectroscopy and space imaging, inclu-
ding the earth observation, the remote sensing, and the
environmental monitoring, etc. ) However, with the re-
sponse wavelength extended to longer than 1.7 pm, the
increasing lattice mismatch between the In Ga, As
(0.53<x<1) and the InP substrate will result in poorer
material quality with respect to In, 5, Ga, ., As. In order
to overcome this limitation, the In Al,  As (referred to as

InAlAs hereafter) metamorphic buffer layer has been in-
troduced to alleviate the impact of lattice mismatch and
accommodate the strain in the high indium (In) InGaAs
layer.

The growth temperature is one of the most basic pa-
rameters for the growth technique of molecular beam epi-
taxy (MBE). Generally, a low growth temperature may
incorporate background impurities into the epilayers dur-
ing the growth process. Whereas an over high growth
temperature may enhance the In segregation on the sur-
face especially for InGaAs with a high In content'®’
which will cause poor surface morphology and composi-
tion non-uniformity in the epilayer. In previous, the
growth temperature of high In InGaAs detector was opti-
mized in a relatively limited range'’’. To acquire higher
quality InGaAs with high In content on InP, the growth
temperatures of both InGaAs and InAlAs metamorphic
buffer layers should be optimized.

In this paper, we focused on the effects of the
growth temperature schemes on the crystal quality of both
the InAlAs metamorphic buffer and the high In InGaAs
layers'®. Firstly, for the growth of 2 pm thick InAlAs
metamorphic buffer layers, three different growth temper-
ature gradients of 20, 30 and 40°C/um were studied.
Secondly, for the growth of In, g, Ga, ; As layers on the
InAlAs metamorphic buffer with the growth temperature
gradient fixed at 20°C/pum, three different growth tem-
perature schemes of 545°C , 530°C and 515°C were stud-
ied. Results show that the structural, optical and electri-
cal properties vary with the growth temperature.

1 Experiments

Samples in this study were grown on (001 ) -oriented
semi-insulating InP epi-ready substrates by using a VG
Semicon VBOH GSMBE system. For the growth, arsenic
(AsH;) and phosphorus ( PH;) cracking cells were e-
quipped as group V sources. Their fluxes were controlled
by adjusting the pressure and the cracking temperature
was around 1 000°C. Other sources were all elemental
solid; gallium (Ga), In and aluminum ( Al) were used
as group III sources, and their fluxes were controlled by
changing the temperature of cells. The temperatures of

different sources were monitored by respective thermo-
couples. The surface oxide of the substrate was desorbed
under the P, flux at around 590°C and this desorption
process was monitored by a reflection high energy elec-
tron diffraction. During growth, the pressure of the
growth chamber was kept typically on the level of 107

Torr.

uid In AljxAs 2.0 pm

uid In,AljxAs 2.0 um

uid IngsAlpsAs 0.1 pm uid IngsAlpssAs 0.1 pm
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Fig.1 Structures of the InAlAs metamorphic buffer layer
and In, ¢ Ga, ;; As grown at different temperatures
I RIRIREE T4 K InAIAs 5528 b2 Ing 4 Ga
As (Y25 ]

Table 1 Growth parameters and results for InAlAs meta-
morphic buffer layers grown at different tempera-
tures

F1 ARIBETEKN InAlAs RTE MR EKSEMNIR

HR
Growth temperature Temperature FWHM of (004
Sample /°Cp gradientp/(OC/ m) (1 ><104(rlu) ) RMS/nm
Al 540—-500 20 35 2.2
A2 540—480 30 43 3.4
A3 540—460 40 46 3.6

As increasing the In content in the In Al, As meta-
morphic buffer layers, the growth temperature was re-
versely graded, where three temperature gradients were
adopted. As shown in Fig. 1(a), the structure of the
first group of InAlAs samples consisted of a 0.2 wm-thick
InP buffer layer, a 0.1 pm-thick Ing 5, Al; ,, As matching
layer, and a 2-pm-thick In Al,  As continuously graded
buffer layer. All the epilayers were unintentionally
doped. With the In composition in the InAlAs buffer lay-
ers graded from 0. 52 to 0. 86, the growth temperatures
decreased from 540°C to 500, 480 and 460°C, corre-
sponding to the decreasing rates of 0. 006, 0. 009,
0.012°C/s and temperature gradients of 20, 30 and
40°C/pum, and these samples were named as samples
A,, A, and A;, respectively. For the growth of Ing
Ga, ;As in the second group, a 1-pm-thick In, ¢ Ga, |,
As layer was grown on the InAlAs metamorphic buffer
with the temperature gradient fixed at 2°C/um. The
growth temperatures were 545, 530 and 515°C, and
these samples were named as samples B, , B, and B, re-
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spectively.

After growth, a Bruker Dimension-Icon atomic force
microscope (AFM) was used to characterize the surface
of the samples. High resolution X-ray diffraction
(HRXRD) reciprocal space mapping ( RSM) measure-
ments were performed in a Philips X’ pert materials re-
search diffractometer with a four-crystal Ge (220) mono-
chromator. The photoluminescence ( PL) spectra were
measured by using a Thermo Scientific Nicolet iS50 Fou-
rier transform infrared ( FTIR) spectrometer equipped
with a liquid-nitrogen cooled InSh detector and a CaF,
beam splitter; in addition, a diode-pumped solid-state
(DPSS) laser with the wavelength of 532 nm was used as
the excitation source. The carrier concentration and mob-
ility of the samples were characterized by a Hall-effect
measurement system.

2 Results and discussions

(1) InAlAs metamorphic buffer layers grown at dif-
ferent temperature gradients

30 nm

-30 nm

Fig.2 AFM images of the InAlAs metamorphic buffer lay-
ers grown at different temperature gradients. The AFM im-
age sizes are 20 pm x 20 pm for all three samples

K2 AN[RD AR BE T 2 KA InALAs 5350 52 2 BE it 1)
AFM F%, FHTEE A 20 wm x20 um

Figure 2 shows the 20 um x 20 pm AFM images of
the InAlAs metamorphic buffer layers grown at different
temperature gradients. Clear cross-hatch morphology can
be seen on all sample surfaces under the low magnifica-
tion, which is the typical surface morphology of metamor-
phic epi-structures'®’. This cross-hatch morphology is u-
sually observed in the lattice-mismatched III-V semicon-
ductor heterostructures with zinc-blende structures and
stemmed from the two types of misfit dislocations ( MDs)
lying along the [1-10] and [ 110] directions, presuma-
bly with group V and group III atom-based cores, respec-
tively'"®'. From Fig. 2, we can see that the primary rid-
ges of those three samples are parallel along the [ 1-10 ]
direction, and the oval-like undulations pop on the top of
the primary ridges, causing the secondary ridges and val-
leys with smaller periods along the [ 110] direction. The
cross-hatch pattern mimics the network of misfit disloca-
tions underneath. The MDs cause strain non-uniformity

at the growth front, which induces preferential deposition
of the Al and In atoms and thus thickness and alloy fluc-
tuations. The roughness of the samples resulted from the
cross-hatch in a large scale is superimposed by other
three-dimensional ( 3D ) features such as dots and
mounds in a small scale. The root-mean-square ( RMS)
roughness values of samples A,, A, and A, are2.2, 3.4
and 3.6 nm, respectively. It can be deduced that with
the increase of the growth temperature gradient, the
roughness of the sample surface gradually increases.

Fig.3 HRXRD RSM images of the InAlAs metamor-
phic buffer layer on InP substrate for (004) reflection
3 InP EA KA InAlAs 5728 22 v JZ (004) T £
XRD 8] 7 25 A1 7 4 ]

Comprehensive lattice characteristics of the meta-
morphic structures can be achieved by HRXRD RSM
measurements, including the lattice tilting, the relaxation
status and the compositions. Figure 3 shows the RSMs of
the InAlAs metamorphic buffer layers grown at different
temperature gradients. In all the RSM images, the inten-
sities are in the logarithmic scale. The narrow and circu-
lar peaks correspond to the InP substrate, and the gradu-
ally widening patterns from the substrate to the upper lay-
er are observed, corresponding to the compositionally
graded InAlAs buffer. Generally, the diffuse scatterings
on the normal lines are due to the composition fluctuation
in the layer, and the diffuse scatterings perpendicular to
the normal lines are mainly related to the disloca-
tions'"". Figure 3 quantitatively plots the (004) reflec-
tions of the InAlAs buffer layers for the three samples.
From the RSM images, we can see that the full width at
half maximums ( FWHMs ) along the (), direction in

RSMs of samples A,, A, and A; are around 3.5 x 10°,

4.3 x 10°, and 4. 6 x 10’ rlu, respectively. As the
growth temperature gradient increases, the FWHM of the
epitaxial layer gradually increases, which means that the
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dislocation density in the epitaxial layer gradually became
larger. Moreover, the tilt angle between the substrate
and the epitaxial layer in the (004) reflection of RSM
image is also different. It is observed that the tilt angle of
all three samples is 0. 05°, 0.40° and 0. 43°, respec-
tively. It indicates that as the sample growth temperature
becomes lower, the tilt angle increased dramatically. The
variation trend of RSM FWHMs is in good agreement with
the AFM results.

(2) Iny 4 Ga, ,As grown at different temperatures

30 nm

-30 nm

Fig.4 AFM images of the In, 4, Ga, ;; As grown at different
temperatures. The AFM image sizes are 20 pm x 20 pm
for all three samples

B4 KRR E T A KA Ing o Ga, , As FE 5 ) ARM &
B ERMNEE 20 pm x 20 pm

Figure 4 shows the typical AFM images of the In, g,
Ga, ;; As grown at different temperatures. The normal
cross-hatch morphology is also shown in all three sam-
ples. The skeleton of the cross-hatch pattern is similar
with that observed in the InAlAs metamorphic buffer lay-
ers grown at different temperature gradients, but the o-
val-like defects seems more distinct, and the undulations
of the patterns along the [ 110 ] and [ 1-10] directions
are larger than those of InAlAs buffers. This indicates
that the misfit strain is relaxed more thoroughly with
thickening the epilayer by introducing MDs. The RMS
roughness values of 6.1, 5.6, and 5.2 nm are observed
for samples B, , B,, and B,, respectively. It is clear that
with the gradual decrease of the growth temperature, the
roughness of the sample surface gradually decreases.

Figure 5 shows the (004) and (115) reflection
RSMs of the In, g Ga, ;; As grown at different tempera-
tures. The narrow and circular peaks correspond to the
InP substrate while the elliptical peaks correspond to the
metamorphic In, ¢ Ga, ; As layer with a larger diffuse
scattering perpendicular to the normal line. Between the
InP substrate and the In, ¢, Ga, ;;As layer, gradually wid-
ening patterns from the substrate to the upper layers are
also observed, corresponding to the compositionally
graded In Al,_ As buffer. It is observed that the FWHMs
along the Q, direction of the (004 ) reflection of samples

B,, B,, and B, are around 4.2 x 10° rlu, 6.9 x 10’ rlu,

Fig.5 HRXRD RSM images of the In, 4 Ga, ; As layer
on the InP substrate for the (004) and (115) reflections
E5 InP | 4K (¥ Ing ., Ga, , As FFE 2 (004 ) Fil
(115) T 1) XRD 18] 5 2 [ 77 5 1]

and 1.2 x 10° rlu, respectively. The FWHM along the
Q. direction of (004) reflection gradually increases as
the growth temperature decreases. It indicates that the
defects in the material gradually increase as the growth
temperature decreases.

The PL measurement is an essential method to re-
veal the optical quality of the epi-layer. Figure 6 shows
the PL spectra of the In, ¢ Ga, ; As layers at 77 K. The
PL peaks centered at about 0. 523 eV correspond to the
In, ¢, Ga, ;As layer. It is noticed that the valley located
at 0.522 eV is caused by the absorption of H-O radical
in the Si0, window mounted on the helium-cooled cryo-
stat. With the increase of the growth temperature, the PL
intensity of Ing g Ga,,; As increases correspondingly.
This indicates that as the growth temperature of the Ing g
Ga, ;;As layer increases, the number of non-radiative re-
combination centers is decreased.

The unintentionally doped In, s, Alj ;s As or InAlAs
metamorphic buffer layers show a high resistive fea-
ture'?'. The contribution of the buffer structure under-
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Fig.6 The PL spectra of the In, ¢, Ga, ,; As grown
at different temperatures measured at 77 K

K6 fe 77 K A a9 A ) I A KA Ing g
Ga, |, As # 51 i) PL OG5

neath the In, ¢;Ga, ;; As layer to the electrical properties
can be negligible. Table 2 shows the room temperature
(RT) and 77 K carrier mobility of the Ing g Ga, ,; As
grown at different temperatures. At first, the RT carrier
mobility decreasesslightly from1. 03 x 10*t09. 42 x 10°
em’/Vs when the growth temperature of In, 4 Ga, ,; As
increases from 515 to 530°C , and then the carrier mobili-
ty decreases slightly to 9. 40 x 10° ¢m®/Vs when the
growth temperature of Ing g, Ga,,; As is increased to
545°C. At RT, the carrier concentration of samples B, ,
B, and B, is about 4.0 x 10"°/cm’. By cooling the sam-
ples down to 77 K, the carrier mobility decreases from
2.70 x10* to 2. 50 x 10* ¢m’/Vs when the growth tem-
perature of In, ¢ Ga, ; As is increased from 515 to
530°C, and then the carrier mobility decreases to 2.31 X
10* ¢m®/Vs for sample B, grown at 545°C. At 77 K, the
carrier concentration of samples B,, B, and B, is about
3.0 x 10"°/cm’. Although the variations of the Hall
mobility among the three samples are limited, the paral-
leled comparison between the three samples is still feasi-
ble as the measurement process is carefully kept the same
for the three samples. It has been reported that several
carrier scattering mechanisms dominating in different
temperature ranges coexist in lattice-matched Ing 5, Ga, 4
As and lightly lattice-mismatched  Ga,_ As alloys' ™",
As shows in the AFM results, the surface roughness of
the In, ¢ Ga, ; As material increases as the growth tem-
perature increased. Therefore, we infer that due to the
higher roughness of the interface, the disorder scattering
mechanism of the alloy may increase at higher growth
temperatures.

3 Conclusions

In order to study the effect of different growth tem-
peratures on the crystal quality, the characteristics of two
sets of samples grown in different temperature schemes
were investigated. AFM shows that a relatively lower
growth temperature is beneficial for the smoothness of the
In, ¢, Ga, ;As surface, while causes a rougher surface of
the composition continuously graded InAlAs buffer layer.
A higher growth temperature can enhance the PL intensi-
ty of In, ¢;Ga, |, As layer by eliminating the non-radiative
recombination centers in the material. However, a higher
growth temperature leads to a slight decrease in carrier
mobility.
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Table 2 Growth parameters and results for In, ;; Ga, ;;As grown at different temperatures

®2 ARIBELEKH In, ;Ga, ;As FERKSHEMAIKER

Growth temperature/ C Relaxation degree

FWHM, of (004)

Hall Mobility

Sample i /(%) (1 x 10* rlu) RMS/nm /(em?V s
InAlAs Ing g3Gag 7 As RT 77 K
Bl 540—500 545 92.2 42 6.1 9.40 x10° 2.31 x 10*
B2 540—500 530 94.2 69 5.6 9.42 x10° 2.50 x 10*
B3 540—500 515 88.2 120 5.2 1.03 x 10* 2.70 x 10*
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