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Abstract. InP and InGaAs epitaxial layers on InP substrates using
molecular beam epitaxy (MBE) have been studied. Carrier concentration
and mobility of InP and InGaAs are found that are strongly correlated with
the growth temperature and V/III ratio. The InGaAs layers using As2 were
compared with the layers grown using Ass4 from a Riber standard cracker
cell. When Asas is used, the highest electron mobility of InGaAs is 3960
cm?/(V-s) with the V/III ratio of 65. When converted to Asz, the V/III ratio
with the highest electron mobility decreased to 20. With the arsenic cracker
temperature decreased from 950 ‘C to 830 C, the electron mobility
increased from 4090 cm?/(V * s) to 5060 cm?/(V * s).

1 Introduction

In the past few decades, InP and InGaAs materials have played an increasingly
important role in optoelectronic and microelectronic devices. When the composition of
gallium in InGaAs changes from 1 to 0, the energy gap decreases from 1.43 eV to 0.36 eV
at room temperature. When the composition of gallium is 0.47, the lattice constant of
InGaAs is the same as that of InP. The Ings3Gap47As alloy can be used for radiation
detection in the range 0.9~1.7 b m. The wavelength response of the compound can be
extended up to 3.6 1 m by increasing the In content[1, 2].The small bandgap energy and
superior carrier transport properties of InGaAs have made it widely used in high-speed
devices such as heterostructure bipolar transistors (HBTs)[3].

After many years of development, growth of high quality InP and InGaAs epitaxy
layers has been achieved by many techniques, such as low pressure metalorganic vapor
phase epitaxy, gas source molecular beam epitaxy, solid source molecular beam epitaxy,
and metalorganic chemical vapor deposition[4-12].

Compared with other technologies, solid source molecular beam epitaxy (SSMBE) is
more suitable for growing thin layers of semiconductors. The molecular or atomic beams of
the constituent elements crystallize on a substrate maintained at an elevated temperature
under ultra-high vacuum environment. The composition of the grown epilayer and its
doping level depend directly on the evaporation rate of the elemental sources. The
smoothness of the surface of the film is ensured by a relatively low growth rate, allowing
proper surface migration of the atomic species. The source beams can be interrupted very
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quickly by simple mechanical shutters so that changes in composition and doping can be
abrupt on an atomic scale[13-17].

The arsenic source cell in the molecular beam system can provide two forms of arsenic
beam flow: As; and Ass. The beam is As, mode when the cracking zone temperature of
arsenic source cell is as high as 950°C. Although As, can improve the optical properties of
the materials, the high temperature of As cracking zone will bring impurities which
increase the carrier concentration of the materials[18-21]. The segregation of gallium and
indium atoms easily leads to the degradation of surface morphology[22-25]. The epitaxial
temperature has an obvious effect on the crystal quality of InGaAs[26]. The temperature-
dependent Hall measurement indicates that in the thick sample solo shallow energy carrier
recombination is dominated and polar optical scattering dominates in a larger temperature
range[27]. Therefore, it is necessary to study the growth of high quality InP and InGaAs
materials by molecular beam epitaxy, and the effects of As, and Ass on the epitaxy of
InGaAs materials.

2 Experiment

InP substrate is deoxidized under the protection of phosphorus beam. In the process of
InGaAs material epitaxy, excessive arsenic pressure is used to prevent surface degradation
The individual growth rate for indium and gallium was determined using reflection high
energy electron diffraction (RHEED) intensity oscillations. Growth rates were 0.8 pm/h for
all layers. The surface morphology was characterized by an atomic force microscopy
(AFM). We adjusted the composition of InGaAs by changing the In cell thermocouple
temperature and keeping the Ga cell operated at a constant thermocouple temperature. The
thickness of the epitaxial layer for all samples designed was 1pm.

3 Results and discussion

In the first group of experiments, four samples were InP epitaxial layers grown on semi-
insulating InP substrates, which can reduce the effect of substrates on the electrical
properties of epitaxial materials. We adjusted growth temperatures from 530°C to 620°C
with 30°C step. The curve of carrier concentration and mobility obtained by hall test at
room temperature versus epitaxial temperature is shown in Fig.1. In Hall measurement,
0.5mm-diameter indium balls were used as electrode. The standard and automatic annealing
furnace was used for electrode preparation. The automatic and repeatable Hall
measurement process can ensure that the epitaxial condition is the only variable in
experiments.

The electron mobility was increased from 530°C and reached its maximum value 2980
cm?/(V * s) at 560°C. The increase of epitaxial temperature leads to the enhancement of the
migration of indium atoms, which further leads to the better incorporation of indium and
phosphorus atoms, and improves the electronic properties of the materials. This may be the
reason why the mobility increases with the increase of epitaxial temperature. It can be
clearly seen from the figure that when the epitaxial temperature increases from 560°C to
620°C, with the increase of carrier concentration, the electron mobility shows a downward
trend. The increase of carrier concentration leads to more impurity scattering, which may be
the reason for the decrease of electron mobility. The lowest carrier concentration is
1.76x10%cm.
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Fig. 1. Electron mobility and concentration on InP epitaxial layers with growth temperature from

530°C to 620°C.

In the second group of experiments, we kept the epitaxial temperature of InP material
constant at 560°C, and changed the V/III ratio from 2 to 15 to study the effect of V/III ratio
on the electronic properties of InP material. The curve of carrier concentration and mobility
of InP material with V/III ratio is shown in Fig.2. The results clearly showed a significant
increase in the carrier concentration from 1.11x10%¢m™ to 1.56x10'%cm™ as the V/III ratio
was increased from 4 to 15. The electron mobility exhibited a corresponding decrease from
3070 cm?/(V-s) to 2140 cm?/(V-s) following the change in the carrier concentration.
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Fig. 2. Electron mobility and concentration on InP epitaxial layers with V/III ratio from 2 to 15.

Fig.3 and Fig.4 show the 10x10um?> AFM micrographs obtained on the InP samples
with different V/III ratio. The InP layer grown at the V/III ratio of 4 has a mirror finish with
root mean square (RMS) roughness of 0.176nm. When the V/III ratio is 1.2, the RMS of the
material increases sharply to 3.04nm, which is mainly due to the insufficient of phosphorus
atoms, indium atoms gather into islands.
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Fig. 3. AFM cartography of 10x10um? scan area for the InP grown layer when V/III ratio is 4.

14.2 nm 14.2 nm

-10.7 nm -10.7 nm

Height Sensor

Height Sensor m

(a) Two dimensional AFM image (b) Three dimensional AFM image
Fig. 4. AFM cartography of 10x10um? scan area for the InP grown layer when V/III ratio is 1.2.

After obtaining the optimized growth conditions of InP materials, we optimized the
growth conditions of Ing s3Gag47As epitaxial layers. A series of 1 um Ing s3Gag47As epitaxial
layers were grown at about 0.8um/h using Ass on semi-insulating InP substrates. The
growth temperature of Ings3Gag47As layers changed from 520°C to 580°C with 20°C step.
We find that the epitaxial temperature of Ings3Gao47As material also has a great influence
on the material quality and electrical properties. The relationship between the carrier
concentration and mobility of Ings3Gags7As at room temperature and the epitaxial
temperature is shown in Fig.5. The mobility was increased from 520°C and reached its
maximum value of 3690 cm?/(V * s) at 540°C. The increase of epitaxial temperature leads
to the enhancement of surface migration of indium and gallium atoms and the enhancement
of atom incorporation. The scattering of ionizing impurities is suppressed, which improves
the mobility of the materials. It can be clearly seen from the figure that when the epitaxial
temperature increases from 540°C to 580°C, with the increase of electron concentration, the
electron mobility shows a downward trend. The increase of carrier concentration leads to
more impurity scattering, which may be the reason for the decrease of electron mobility.

The increase of epitaxial temperature will increase the desorption of indium atoms,
resulting in lattice mismatch between InGaAs and InP substrate. We compensate the indium
atoms by increasing the temperature of the indium source, so that the InGaAs material and
the InP substrate always keep the lattice matching state (Fig6).
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Fig. 5. Electron mobility and concentration on Ino.s3Gao47As epitaxial layers with growth temperature
from 530°C to 620°C.
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Fig. 6. 20-» XRD curve of InGaAs epiatxial layers.

Fig.7 shows the 10X 10um?> AFM micrographs obtained on the Ings3Gag47As epitaxial
layers. The Ings3Gag47As layer grown at the temperature of 540°C has a mirror finish with
RMS roughness of 0.201nm.
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Fig. 7. AFM cartography of 10x10um? scan area for the Ino.53Gao.47As grown with growth
temperature of 540°C.

To find the optimum V/III ratio of the Ings3Gaos7As layer, we varied the V/III ratio
from 20 to 65. Fig.8 shows the electron concentration and mobility of Ings3Gag47As
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epitaxial layer as a function of V/III ratio. The growth temperature of Ings3Gag47As was
fixed at 540°C. As shown in Fig.8, when the V/III ratio is between 40 and 65, both electron
mobility and electron concentration are acceptable. We can get the highest electron
mobility at the V/III ratio of 65, which is 3960 cm?/(V * s) and lowest carrier concentration
at the V/III ratio of 40, which is 1.4x105cm™.
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Fig. 8. Electron mobility and concentration on Inos3Gao.47As epitaxial layers with V/III ratio from 20
to 65.

When V/III ratio is 20, arsenic atoms are in a state of insufficient, which directly leads
to the accumulation of group III elements into islands, and the surface roughness of
materials is seriously reduced (Fig.9).
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Fig. 9. AFM cartography of 10x10um? scan area for the Ino.s3Gao.a7As grown with V/III ratio of 20.

It is generally believed that the epitaxial mode of As; is relatively simple and the
epitaxial efficiency is higher than that of Ass;. InGaAs materials grown in As; mode have
relatively few arsenic vacancies, point defects and deep energy levels, so their electrical and
optical properties are relatively good[26-27]. But there are other documents that do not
support this viewpoint. Therefore, it is necessary to study the difference between As, and
Ass using in InGaAs materials epitaxy.

We use the residual gas analyzers in MBE system to judge whether the As beam is As
or Ass. When the cracking zone temperature is set to 950°C, we investigated the effects of
V/III ratio from 15 to 40 on the material quality using As, mode. Fig.10 shows the electron
concentration and mobility of Ing s3Gag47As epitaxial layer as a function of V/III ratio. The
lowest carrier concentration is obtained at V/III ratio of 30, which is lower than samples
using Ass mode. The highest electron mobility is obtained at V/III ratio of 20, which is
higher than samples using Ass mode. Compared with the sample in Ass mode, Hall
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measurement shows that the Ings3Gags7As sample in As, mode has better electrical

performance.
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Fig. 10 electron mobility and concentration on Ino.s3Gao.47As epitaxial layers using Asz with V/IIT
ratio from 20 to 40.

In order to study the effect of arsenic cracker temperature on the electrical properties of
Ing 53Gag47As, we changed the cracker temperature from 600°Cto 950°C. The relationship
between the carrier concentration and mobility of Ing s3Gag47As epitaxial layer obtained by
hall test at room temperature and the temperature of arsenic cracking zone is shown in
Fig.11. It can be seen that the highest mobility and highest electron concentration were
obtained at cracker temperature of 830°C. When the cracker temperature is 830°C, the
highest electron mobility is 5060 cm?/(V * s), which is higher than that of 950°C. The result
showed that the mixed mode of As; and As; is helpful to improve the electron mobility of

Ing 53Gag.47As.
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Fig. 11 electron mobility and concentration on Ino.s3Gao47As epitaxial layers with cracker temperature
from 600 Cto 950°C.

Fig.12 shows the 10X 10pm? AFM micrographs obtained on the Ing s3Gag47As epitaxial
layers. The Ings3Gao47As layer grown with arsenic cracker temperature of 830°C has a
mirror finish with RMS roughness of 0.204nm.
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Fig. 12. AFM cartography of 10x10um? scan area for the Ino.s3Gao47As grown with arsenic cracker
temperature of 830°C.

4 Conclusion

In conclusion, we used molecular beam epitaxy system to epitaxial InP and InGaAs
materials in phosphorus cracking cell and arsenic cracking cell, and studied the effects of
epitaxial temperature and V/III ratio on the electrical properties and surface roughness of
materials. The highest room temperature electron mobility of 3070 cm?/(V * s) and the
lowest electron concentration of 1.1 X 10'3cm™ were achieved in InP layers grown at 530°C
and V/III ratio of 4.1. The effect of growth temperature and V/III ratio on Ings3Gag47As
were also investigated. In Ass mode, the highest electron mobility of 3960 cm?/(V-s) was
achieved in samples grown at V/III ratio of 65. However, in As, mode, the highest electron
mobility of 4090 cm?/(V-s) was achieved in samples grown at V/III ratio of 20. Samples
with different cracker temperature of arsenic were grown to clarify the influence of arsenic
species used in MBE growth. The results showed that the mixed mode of As, and Ass is
helpful to improve the electron mobility of InGaAs. We get the highest mobility of 5060
cm?/(V * s) when the cracker temperature was set to 830°C.
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