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Abstrate

In this work, we proposed a new structure to effectively improve the breakdown
problem in Sb-based HFETs. To choose the appropriate materials with both a larger band gap
and a lattice constant close to them (InAs, InSb) to enlarge the band gap of channel material
is the design challenge. By taking advantage of the band gap engineering, we design the
InAs/InAsSb composite channel and expect to realize an InAs channel HFET with both a
high mobility and a higher breakdown voltage. The device was grown on the semi-insulator
GaAs substrate with thick AISb buffer layer.

Furthermore, for the integration with the mature silicon base circuit, it is important to
realize the HFET device on the silicon substrate. Therefore, the GaSb growth on silicon
substrate was also studied. Three samples were prepared with different buffer layer structure.
A: without buffer layer. B: with 100nm AISb buffer layer. C: with ten periods
AlISb(10nm)/GaSb(10nm)  superlattice  buffer layer. By the low temperature
photoluminescence, X-Ray diffraction and the surface atomic force microscope analysis, the
sample C shows the best result. Also, by the transmission electron microscope study, the
superlattice buffer layer is efficient to prevent the dislocation propagation and merge the
dislocations.

Also, we investigate the composition profile of GaAsSb grown on GaAs substrates by
solid-source molecular beam epitaxy. It’s found that the Sb composition fraction grades
increasingly instead of keeping constant throughout the GaAsSb epitaxial layer. This is
attributed to the strain-induced Sb segregation during the growth of GaAsSb on the GaAs

substrate.

Keyword: GaSb, InSb, InAs, HFET



Introduction:

The Sb-based binary compound semiconductor AlSb, GaSb, InSb and InAs together
with their related alloys are candidates for high-speed, low power electronic devices.
Applications could include high-speed analog and digital systems used for data processing,
communications, imaging and sensing, particularly in portable equipment such as hand-held
devices and satellites. The development of Sb-based transistors for use in low-noise
high-frequency amplifiers, digital circuits and mixed-signal circuits could provide the
enabling technology needed to address these rapidly expanding needs. Fig 1 shows the trend
toward higher frequencies and lower power consumption with increasing lattice constant [1].
In recent years, considerable progress has been made in Sb-based heterostructure field-effect
transistors (HFETS).

However, due to the narrow band gap of InAs (0.36 eV) and InSb (0.18 eV) channel
materials, impact ionization effects can become dominant for short gate lengths as drain bias
exceeds the energy gap in the channel. Further, because the staggered band lineup at the
InAs/AlSb heterojunctions leaves holes without confinement, some of the impact-ionized
holes are drawn into negatively bias gate, giving rise to a significant gate leakage component,
others accumulate in the buffer layers and induce nonsaturating drain characteristics by the
feedback mechanism, known as the kink effects. Proposed approaches to improve breakdown
including the use of a back gate [2], increased quantum confinement [3], dual gating [4],
additional InAs subchannel [5], composite channel like InAs/InAsP and InAs/InAlAs [6-7]
and InAsSb channel [8]. However, the improvement in breakdown voltage is still limited thus
far, which will largely limit the allowable device operation range. In this work, we proposed a
new solution to effectively improve the breakdown problem in Sb-based HFETs. By taking
advantage of the band gap engineering, we designed the InAs/InAsSb composite channel to
realize higher breakdown voltage.

The Sb-base electron device was usually realized on the semi-insulator GaAs substrate.
The lattice mismatch between AISb and GaAs is about 8.5%. Therefore, the thick AISb buffer
is used as the buffer layer to prevent the dislocation propagation. Furthermore, for the
integration with silicon base IC technology, the device should be realized on silicon substrate
[9,10]. Therefore, the growth of GaSb(AISb) on silicon substrate is also studied. Because of
the much larger lattice mismatch and anti-phase issue, the buffer layer is much more

important than that of AISb on GaAs substrate.



Heterojunction Field Effect Transistor:

The objective of this work is to design an Sb-based heterostructure FET (HFET) with
high mobility and higher breakdown voltage. In order to obtain high mobility, InAs or InSb
was used as channel material. In order to further improve breakdown voltage, band gap
engineering was employed to effectively enlarge the band gap of channel material. For
example, by inserting a material with a larger band gap into the channel material, as shown in
Fig. 2, in this schematic band diagram, we consider to insert a thin layer of GaAs into the
high-mobility InAs or InSb channel to effectively enlarge the band gap of channel. The
electrons’ effective mass in GaAs well become smaller, because the energy level is very close
to the band edge of InAs or InSb conduction band. Thus, high electron mobility can be
maintained. In particular, the large valance band offset (AE,) between the GaAs and InAs or
InSb can be used to significantly increase the band gap of channel, which can effectively
enhance the breakdown voltage. In addition, considering the requirement in lattice match, the
lattice constants of InAs, InSb and GaAs are 6.06A, 6.48A, and 5.65A, respectively, the very
large lattice mismatch between InAs (InSb) and GaAs is at least greater than 10%, which
actually will make it very difficult to grow such structure. Thus, to choose the appropriate
materials with both a larger band gap and a lattice constant close to them (InAs, InSb) to
enlarge the band gap of channel material is the design challenge.

From the diagram of band gap vs. lattice constant, shown in Fig. 1 [1], we can find many
materials have a band gap greater than 1 eV. However, most of them have a lattice constant
less than 6A, which actually can not be used as the candidate material due to the large lattice
mismatch with InAs or InSb. The materials with lattice constant ranging from 6A to 6.5A,
including GaSb, AlSb, InAs, InSb and their alloy, are proper candidates. For InAs channel,
lattice constant ranging from 6A to 6.2 A is the range of interest. In particular, as the lattice
constant is 6.2A, some advantages can be obtained as follows [8,11]. First, the barrier
material InAlISb with Indium content (In=0.2) and the high-mobility channel material InAsSb
with antimony content (Sb=0.35) are lattice-matched. Second, the barrier Ing,AlpgSb and
channel InAsg¢5Sboss formed type I heterojunction, which can avoid the problems that
occurred in type II InAs/AISb heterojunction. Besides, the strain effect plays a key role in the
actual band gap as we grow material with different lattice constant. Depending on the stress
type and the amount of lattice match between two different materials, the final magnitude of
band gap changed significantly. Fig. 3 showed the theoretical calculation of the band gap with

the quantum well lattice constant, for the case of strain quantum well on the GaSb substrate



[12]. As the lattice constant is equal to 6.2A, the conduction band offset (AE.) and valance
band offset (AE,) between InAs and InAsSb are around 0.1 eV and 0.24 eV, respectively.
Therefore, by inserting a thin layer of InAs layer in the middle of the InAsj¢sSbg3s channel,
taking advantage of the large valance band offset (AE,=0.24eV) between InAs and the
InAsSb channel, the band gap of the InAs/InAsSb composite channel can be effectively

enlarged, as shown in Fig. 4.

GaSb Growth on Silicon (001) Substrate:

In this work, three samples were prepared with different buffer layer structure. After the
buffer layer growth, 1pum GaSb bulk layer was grown with 1pm/hr growth rate. The V/III flux

ratio was about 3 and the growth temperature was at 500°C. An 8nm Ing,GagsSb QW was

inserted in GaSb bulk layer at 150nm below sample surface for the optical property study.
The QW growth temperature was at 490°C.

The buffer layer structure in sample A, B and C is:
A. Without any AISb buffer layer, the GaSb was grown directly on the silicon surface.
B. With 100nm AISDb buffer layer at 480°C, and the growth rate was 0.5pm/hr.

With GaSb(10nm)/AlSb(10nm) 10 periods superlattice buffer layer at 480°C, the GaSb
and AISb growth rate was 1pum/hr and 0.5um/hr.

After the growth, the sample A shows a non-mirror surface, but the sample B and C
shows a better mirror surface. Therefore, the surface morphology of sample B and C is much
smoother than that of sample A. Fig. 5 shows the surface AFM image of these three samples.
All of the AFM image size is 10umx10um with 30nm scale bar. The surface roughness of
sample A is the worst, and the other two samples are much similar. The surface roughness is
quantified by the atomic force microscope (AFM). The root mean square surface roughness
of sample B and C are 4.27nm and 3.88nm with the same scanning parameter. The sample C
shows the best surface flatness quality. The flatter surface is better for the structure growth.

Fig. 6 shows the Ing,GaysSb/GaSb QW low temperature (20K) photoluminescence (PL)
response of these three samples. The sample C shows the largest response intensity and the
smallest full width at half maximum (FWHM). The FWHM of sample C is 11.2meV. The
peak emission energy of the Iny,GaygSb QW varies from 0.71eV to 0.73eV. The peak energy
variation might be due to the source beam flux variation. With simple estimation, 2% material
composition difference on Ing,GaggSb QW results in 11meV energy level change.

Fig. 7 shows the high resolution X-ray diffraction (XRD) rocking curve from GaSb (004)



orientation of the three samples. The scatter point is the measurement data and continuous
curve is the gaussian fitting curve. These three samples were measured at the same condition
and the same X-ray source intensity. The sample C shows the higher intensity and smaller
FWHM. The FWHM of sample C is 490 arcsec. In our study, three analysis techniques (AFM,
PL and XRD) show the GaSb bulk and Ing,GasSb/GaSb QW quality of sample C is the best
and sample A is worst. The AISb buffer layer is necessary in the crystal growth of GaSb on
Silicon substrate. Moreover, the GaSb/AISb superlattice buffer layer is the best choice for the
growth.

The lattice constant of GaSb and silicon is 6.10 A and 5.43 A, and the lattice mismatch
is about 12%. When GaSb deposited directly on silicon substrate, it would generate many
dislocations at the interface. The non-mirror surface of sample A suggests that the GaSb does
not block dislocations propagation efficiently. When 100nm AlSb buffer layer was inserted at
GaSb and silicon interface in sample B, the GaSb crystal shows a mirror surface. The surface
AFM image of sample B is smoother than that of sample A and the PL and XRD study also
shows the better result. The Ing,GaysSb/GaSb QW PL intensity of sample B is two times
larger than that of sample A. Therefore, the AISb buffer layer plays an important role in the
GaSb and silicon heterojunction growth. The lattice constant of AlSb is 6.13 A, and the lattice
mismatch to silicon is about 13%. When AISb deposited on silicon, many dislocations
generate. Observing the RHEED pattern variation during sample growth, the reconstruction
pattern is spotty during the first few monolayers. The few monolayers AISb form the QDs,
which is the nucleation process, on the Silicon surface. When more AlSb deposited on the
substrate, the reconstruction pattern changes from spotty to streaks. The streaky
reconstruction pattern indicates that the AISb QDs coalesce to a bulk material. This
nucleation and coalescence process generates an undulation surface, which accommodates
the AISb and silicon heterointerface strain energy. These processes are the strain relief
mechanism.

In sample C, the QW PL intensity shows three times larger than sample B, and the
FWHM is also better than sample B. Also, the intensity and FWHM of the XRD
measurement data shows the best result in the three samples. Thus, the ten periods
superlattice GaSb (10nm)/AISb (10nm) buffer layer is the best buffer layer structure to
prevent the dislocation propagation in our study. The lattice constant mismatch between AISb
and GaSb is only 0.5% and thus the heterointerface is nearly strain free. The superlattice
structure is able to merge dislocations and stop dislocation propagation. The first 10nm AISb

layer also plays as the nucleation and coalescence process. The 10nm AISb layer is about 30



monolayers that are thick enough to coalesce the AISb QDs and form the undulation surface.
During the 10nm AISb growth, the reconstruction pattern changes from spotty to streaky
pattern. Fig. 8 shows the GaSb/AISb superlattice high resolution transmission electron
microscope (HR-TEM) image of sample C. In the area 1 and 2, the dislocations merge at the

GaSb/AISb interface. And, in the area 3, the dislocation stops at the interface.

Compositional Grading in GaAsSb Grown on GaAs Substrates Caused by
Strain-Induced Sb Segregation:

The composition profile of GaAsSb grown on GaAs substrates by solid-source
molecular beam epitaxy (MBE) has been investigated. It’s found that the Sb composition
fraction grades increasingly instead of keeping constant throughout the GaAsSb epitaxial
layer. This is attributed to the strain-induced Sb segregation during the growth of GaAsSb on
the GaAs substrate.

Epitaxial growth of GaAsSb/GaAs heterostructures for the applications of
long-wavelength light-emitting devices is a critical issue because of the significant lattice
mismatch between GaAsSb and GaAs. In this work, the samples were grown by MBE on
GaAs (100) substrates. A GaAsSb layer, which has different thicknesses (10, 20, 30, 40, 60,
120, and 200 nm) for different samples, was grown at 505 °C on top of a 200-nm GaAs
buffer.

X-ray reciprocal space mapping (RSM) around the GaAs (224) reflection was performed
to estimate the degree of lattice relaxation and the peak Sb composition of the GaAsSb layer,
as shown in Fig. 9. The 10-nm GaAsSb layer is found fully strained and has the in-plane
lattice constant the same as that of the GaAs substrate. With the thickness more than 10 nm,
the GaAsSb layer becomes partially relaxed and the in-plane lattice constant increases with
the layer thickness. Mathematical analysis of the RSM pattern gives the amount of relaxation
and the peak Sb composition, as shown in Fig. 10 and 11, respectively. Also shown in Fig. 11
is the peak Sb composition determined from Rutherford backscattering spectrometry (RBS)
measurements, which in this work use a 4-MeV C** beam instead of He' to achieve a better
resolution. RSM and RBS both show that the peak Sb composition of the GaAsSb layer
increases with increasing the layer thickness. The depth profile of the Sb composition shown
in Fig. 12 is extracted by numerically fitting the experimental RBS data. The Sb composition,
instead of staying constant, is found to grade increasingly toward the surface. Strain-induced

Sb segregation in the GaAsSb layer grown on the GaAs substrate is considered to account for



the observed result. During the growth of GaAsSb on GaAs, the compressive strain imposed
on the GaAsSb layer tends to propel the Sb atoms to segregate upward. In this way, the
strain-associated energy in GaAsSb is lowered.

We have also used the ion channeling technique to investigate the vertical distribution of
strain inside the GaAsSb layer. For the ion channeling curve of the 30-nm sample (Fig. 13(a)),
the Sb signal and the GaAs signal nearly overlap, indicating that the GaAsSb layer is fully
strained. For the 90-nm sample (Fig. 13(b)), the Sb signal of the GaAsSb layer at the surface
shows a noticeably narrower full width at half maximum (FWHM) than that near the
GaAsSb/GaAs interface. This is an indication that the strain is larger in the GaAsSb layer

near the surface.
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Figure caption:

1.

10.

1.

12.
13.

The diagram of energy gap and lattice constant, with lattice constant ranging from
5.4A t0 6.5A.

The schematic band diagram of the ideal channel structure. The channel consisted of
the high mobility channel layer InAs or InSb and a large band gap layer, for example,
GaAs.

Band edge diagram of alloyed strained wells on GaSb (ref. 4).

The schematic band diagram of the designed channel structure. The composite
channel consisted of the high-mobility InAs and InAsSb channel layer, where the
middle InAs layer was used to enlarge the band gap of the channel.

The surface AFM image of these three samples. The image size is 10umx>10pum with
the 30nm scale bar.

The 20K PL response from the 8nm Ing,GagsSb/GaSb QW. The FWHM of sample C
is 11.2meV.

High resolution XRD (004) rocking curve of GaSb on Silicon. The FWHM of the
sample C is 490 arcsec.

Cross-section HR-TEM image of the GaSb/AISb superlattice on silicon substrate in
sample C. In area 1, 2 and 3 the dislocations merge or stop at the superlattice
interface.

RSM measurements taken at the GaAs (224) reflection for the samples with the
GaAsSb buffer layer of (a) 10 nm, (b) 30 nm, (¢) 60 nm, (d) 200 nm

Amount of relaxation of the GaAsSb layer in the samples with various GaAsSb
thicknesses.

The peak Sb content of the GaAsSb layer in the samples with various GaAsSb
thicknesses.

The grading profile of the Sb content in the GaAsSb layer.

Ion channeling results show that the elements located at different vertical positions in

the GaAsSb layer are subject to different stresses.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8

18



Figure 9
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Figure 10
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Figure 11
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Figure 12
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Figure 13

Normalized Yield

@ |

GaksSt 30nm

—— Gahs substrate |
B ——5h T
T T e e e s BB RS |
-3 2 =1 0 1 2 3
Angle (degree)

Mormalized Yield

23

GafsSh 90nm

——(Gafs substrate |
K —— b in the deep layer-
—— 5b near the surface
T T T T T T Y T T T
4 -1 0 1 2 3
Angle (degres)



