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Ion channeling technique using MeV C2þ ions and high resolution X-ray diffraction were used to

study the crystal quality of an InAs/AlSb-based quantum wells. We found that the InAs quality

has a strong dependence on the type of the interface used. With the addition of the InSb-like

interface, the crystal quality of the InAs channel was greatly improved. The InAs lattice was fully

strained and aligned with the lattice of the buffer layer without any lattice relaxation. On the

other hand, if the interface was of the AlAs type, the lattice of the InAs quantum well was

relaxed and the crystal quality was poor. This explains why a superior InAs quantum well with

high electron mobility and good surface morphology can be achieved with the use of the InSb

interface. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4872138]

I. INTRODUCTION

Semiconductor heterostructures based on

AlSb/GaSb/InAs material system have attracted much atten-

tion in recent years due to the potential applications in the

high-speed, low-power electronic devices,1–3 and long-

wavelength optoelectronic devices.4 However, the interfaces

in such heterostructures differ from those in the typical

GaAs/(Al, Ga)As and (In, Ga)As/(In, Al)As systems. It is

possible to grow two different types of interfaces between

InAs and (Al, Ga)Sb,1,5 because both the anion and cation

have to change at the interface.6 One is the InSb-like inter-

face, where In atoms from the InAs side bond to Sb atoms on

the (Al, Ga)Sb side. The other is the (Al, Ga)As-like inter-

face formed by the As atoms from the InAs side bonding to

the group III atoms of the Sb compound. There have been

plenty of studies on the difference of these two types of

interfaces and its impact on the optical and electrical proper-

ties of the grown structures.5,7–11 All the results indicated

that the InSb-like interface is superior to the (Al, Ga)As-like

interface. In a molecular beam epitaxy (MBE) system, the

choice of the interfacial type in the grown structure can be

readily achieved through the shutter control of the source

materials. Although it is known that the InSb-like interface is

better than the other, there is no direct proof on its superior-

ity from the structure point of view.

In this work, we used the Rutherford backscattering

spectrometry (RBS) with channeling measurements to char-

acterize the two different types of interfaces mentioned

above. We chose the 4 MeV C2þ ions instead of the com-

monly used Heþ ions to achieve a better depth resolution in

the RBS and channeling spectra.12 With the C2þ beam, we

were able to demonstrate clearly the structural difference

between the two interfaces and its effect on the quality of the

quantum well. High resolution X-ray diffraction (HRXRD)

was used to quantify the amount of strain in the InAs chan-

nels with different types of interfaces. The combination of

these two techniques provided us a very clear picture on the

structural difference between these two types of quantum

wells and explains why the electrical property is better one

over the other.

The heterostructure used in this study was a

AlSb/AlAs0.16Sb0.84/InAs/AlAs0.16Sb0.84/AlSb quantum well

grown on a GaAs substrate. Because of the additional

AlAs0.16Sb0.84 layer, it is a type-I quantum well. It has been

used in our InAs FET devices, where the quantum well pro-

vides both electron and hole confinement for improved out-

put conductance. Although the AlAs0.16Sb0.84/InAs

heterostructure is not identical to an antimonide/arsenide

structure, the AlAs0.16Sb0.84 alloy, where most of the group

V atoms are Sb, basically has the same structural property as

AlSb and the hetero-interface has the same problem men-

tioned above.

II. EXPERIMENT

Two samples were grown by a solid-source MBE system

on (001) semi-insulating GaAs substrates. The layer struc-

tures used in this study are shown in Fig. 1. Sample A was

prepared with the AlAs-like interface while sample B was

grown with the InSb-like interface between InAs and

AlAs0.16Sb0.84. As2 and Sb2 beams were controlled by

cracker cells with needle valves. A GaAs buffer layer of

100 nm was first grown to obtain a smooth surface. A 1.3 lm

relaxed metamorphic AlSb buffer layer grown at 520 �C was

followed to accommodate the lattice mismatch between the

channel layer and the GaAs substrate. The active layers were

then grown on top of the buffer layer. These layers, from the

bottom to the top, consisted of a 4 nm-thick AlAs0.16Sb0.84

bottom barrier, a 13 nm-thick strained InAs channel, and a

4 nm-thick AlAs0.16Sb0.84 layer. A 6 nm-thick AlSb top bar-

rier and a 4 nm-thick highly lattice-mismatched In0.5Al0.5Asa)Electronic mail: ymlin.ee97g@g2.nctu.edu.tw
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cap layer were then grown. The In0.5Al0.5As layer keeps the

underlying layers from oxidation and forms a good Schottky

barrier with the metal gate. All of them were grown at

500 �C except the InAs channel, which was grown at 470 �C.

The carriers in the channel were provided by a Te delta

doped layer (�1� 1012 atoms/cm2) at the upper

AlAs0.16Sb0.84/AlSb interface.

The difference between sample A and sample B and

how they were grown are separately shown in Figs. 2(a) and

2(b), which show the sequence of shutter control of all the

elements. For sample A, where the interfaces were AlAs-

like, the shutters for the group V elements were closed first

while the shutter for Al was left open for an additional 2 s to

make sure the surface was covered by Al atoms. The As

shutter was then opened to form an AlAs interface layer. The

growth was then interrupted for 5 s to smooth out the surface

before the In shutter was opened for InAs growth. The

sequence was reversed for the upper interface of the quantum

well. For sample B, the Sb shutter was left open for 10 s after

the growth of the AlAs0.16Sb0.84 layer. The In shutter was

then opened for the growth of a single InSb atomic layer.

After that the Sb shutter was closed and the As shutter was

opened for the InAs growth.

The HRXRD measurements were conducted using Cu-

Ka radiation. The samples were placed on a three-axis rotary

plane with a precision of �0.005�. RBS and channeling

measurements were performed with 4 MeV C2þ ions using a

9SDH-2 Tandem accelerator. The samples were mounted on

a four-axis (three rotation and one translation) goniometer

with an accuracy better than 0.01�. Backscattered particles

were detected at an angle of 160� with respect to the incident

beam. The energy resolution of the system, determined by

fitting the GaAs edge of the energy spectrum, was around

40 keV. Channeled RBS was conducted by aligning the inci-

dent beam with the [100] axis of GaAs substrate.

III. RESULTS AND DISCUSSION

We have performed the X-ray diffraction measurement

on our samples to evaluate the crystal quality and the amount

of strain in the lattice. Fig. 3 shows the high-resolution XRD

x� 2h scans around the (004) direction for samples A and

B. The peaks from right to left correspond to GaAs substrate,

InAs quantum well, and AlSb buffer layer. The position of

the AlSb peaks indicates that the 1.3 lm AlSb buffers for

both samples were fully relaxed with the lattice constant the

same as that of AlSb bulk material. The peak height and

width are about the same for both samples indicating they

have the same crystal quality. The most apparent difference

in the spectrum between the two samples is the InAs signal.

For sample B, a clear InAs peak is seen in the spectrum. But

for sample A, the InAs signal is barely seen near the marked

InAs bulk diffraction position. While some of the signal is

visible, a large portion is hidden behind the noise level and

the large AlSb signal. So clearly, the quality of the InAs

channel is much better for sample B, where the InSb-like

interface was used. The position of the InAs peak is 31.06�

to the right of that of a perfect InAs crystal (marked by the

blue line). So the InAs lattice is compressed in the vertical

direction (perpendicular to the layers). In other words, the

InAs channel is under tensile strain to accommodate the

larger lattice spacing of the buffer layer underneath. Based

on the peak position and the Poisson’s ratio (�0.35),13 the

calculated lateral lattice spacing for InAs is 6.136 Å, which

is the same as that of the bulk AlSb. But for sample A, the

FIG. 1. The layer structure used in this study. The active layers were grown

on top of the buffer layer. These layers, from the bottom to the top, consisted

of a 4 nm-thick AlAs0.16Sb0.84 bottom barrier, a 13 nm-thick strained InAs

channel, and a 4 nm-thick AlAs0.16Sb0.84 layer. A 6 nm-thick AlSb top bar-

rier and a 4 nm-thick highly lattice-mismatched In0.5Al0.5As cap layer were

then grown.

FIG. 2. The sequence of shutter control of all the elements for (a) sample A

and (b) sample B, respectively.

FIG. 3. The high-resolution XRD x� 2h scans around the (004) direction

for sample A and sample B.
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position of the weakly seen InAs peak indicates that the InAs

layer is nearly relaxed.10

Ion beam analysis combined with the channeling tech-

nique has also been used to determine the crystalline quality.

Fig. 4 shows the aligned RBS spectra taken at the exact

[100] direction for sample A and sample B. The random

RBS spectrum, which is nearly identical for the two samples,

taken at 4� off the normal direction is also shown in the fig-

ure for comparison. Again it shows clearly that sample B has

a much better crystal quality because of relatively low back-

scattered yields. The peaks in the spectra correspond to the

In and As signals. While these peaks are from all the layers

containing In and As, the main sources are provided by the

InAs layer. The broad background (up to the right edge) is

due to Sb, which is the heaviest element and is in most of the

layers in our samples. Comparing the minimum yields,

defined as the yield ratio of the aligned spectrum and the ran-

dom spectrum, we can see clearly the difference of the two

samples. At the surface of the AlSb buffer, marked by the

vertical line U in the spectra, the calculated values for sam-

ples A and B are around 0.14 and 0.08, respectively. Based

on our XRD results, however, the crystal quality of AlSb

buffer layer for the two samples is not significantly different.

So the difference in the minimum yield is probably due to

the different dechanneling behaviors. For sample A, because

of the less ordered InAs layer, the channeled ions interact

with the displaced atoms that are on top of the AlSb buffer

layer giving rise to enhanced dechanneling and

backscattering.14–16 Thus, a worse minimum yield for sam-

ple A is obtained.

Fig. 5 shows the extracted As signals in the RBS spectra

with and without channeling. They were obtained by sub-

tracting the Sb background from the original spectra. There

are two peaks (marked by R and L) in the As spectra in Figs.

4 and 5. They mainly correspond, respectively, to the As sig-

nals of the top In0.5Al0.5As layer and that of the InAs quan-

tum well. The minimum yields calculated from the fitted

curves for the InAs quantum well were 0.34 and 0.08 for

sample A and sample B, respectively. Although these values

may also be affected by the dechanneling effect, the effect

should be small as compared to that on the AlSb buffer

because there are much fewer displaced atoms above the

InAs channel. So the low minimum yield from the InAs

channel for sample B does reflect that the crystal quality is

much better. Comparing these values with those calculated

from the Sb signal at the surface of the AlSb buffer layer, we

can see that there is a drastic change in crystal quality from

the buffer/active layer interface to the InAs quantum well for

sample A where the minimum yield changes from 0.14 to

0.34. But for sample B, where the InSb-like interface was

used, the minimum yield stays low at 0.08. For InAs and

AlSb perfect crystals, the minimum yields for low index

axes are typically around 0.05.14,15 The value of 0.08 for

sample B is close to that of a perfect crystal. With the inser-

tion of the InSb-like interface between the InAs channel and

the AlAs0.16Sb0.84 barrier, the crystal quality of the InAs

channel is greatly improved. This result is consistent with

the result observed from the XRD measurement.

Figs. 6(a) and 6(b) show the 2D mapping images of the

backscattered ion yield as a function of the channel number

(sample depth) and the tilted angle for sample A and sample

B, respectively. The angle was tilted toward the incident

beam direction making an angle of 3� with the [100] axis

and measured relative to the surface normal direction. The

color scale shows the amount of the backscattered yield.

Comparing these two figures, we can see sample B, which

had InSb-like interfaces, had a much stronger contrast and

the middle blue (low yield) region goes much deeper than

sample A. The arrow indicates the location of the InAs chan-

nel. This stronger channeling effect is a clear indication that

sample B had a superior crystal quality than sample A.

The InSb-like interface clearly helps the InAs lattice to

align with the lattice of the buffer layer. When the layer is

fully strained to be in line with the lattice underneath, the

defects caused by lattice mismatch are reduced and the crys-

tal quality improved. We have also used an atomic force

microscope to measure the roughness of the sample surface.

Sample B had a very smooth surface with a root mean square

variation of only 0.5 nm, while that for sample A was

�2 nm. This again shows that the overall crystal quality of

sample B is superior to that of sample A. The difference in

the quality of the InAs channel is also reflected in the mobil-

ity measured. The room-temperature electron mobility for

FIG. 5. The extracted As signals in the RBS spectra with and without

channeling.

FIG. 4. The aligned RBS spectra taken at the exact [100] direction for sam-

ple A and sample B. The random RBS spectrum taken at 4� off the normal

direction is also shown for comparison.
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samples A and B determined by the Hall measurement were

4000 cm2/V-s and 18 100 cm2/V-s, respectively. This high

mobility for sample B with the InSb-like interface is a direct

result of the superior InAs quality.

IV. CONCLUSIONS

High resolution X-ray diffraction and ion channeling

technique using MeV C2þ ions were used to study the crystal

quality of the InAs quantum wells in an InAs/AlSb-based

heterostructure. Because of the use of heavy ions, which pro-

vides great depth resolution, we were able to clearly observe

the difference in crystal quality between the InAs quantum

well and the adjacent buffer layer through the channeling

RBS spectra. With the InSb-like interface, the crystal quality

of the InAs channel was greatly improved. Based on the

XRD results, the InAs lattice was fully strained to align with

the lattice of the buffer layer without any lattice relaxation.

This is believed to be the reason for the superior InAs crystal

quality. The improved electron mobility and surface rough-

ness are direct results of the superior InAs crystal quality.

ACKNOWLEDGMENTS

This research was supported by the National Science

Council of Taiwan under Contract No. NSC99-2221-E-009-

079-MY3. The authors would like to thank the help from

Center for Nano Science and Technology (CNST) of

National Chiao Tung University and Accelerator Laboratory

of National Tsing Hua University.

1H. Kroemer, Physica E 20(3–4), 196–203 (2004).
2B. R. Bennett, R. Magno, J. B. Boos, W. Kruppa, and M. G. Ancona,

Solid-State Electron. 49(12), 1875–1895 (2005).
3A. Ali, H. Madan, A. Agrawal, I. Ramirez, R. Misra, J. B. Boos, B. R.

Bennett, J. Lindemuth, and S. Datta, IEEE Electron Device Lett. 32(12),

1689 (2011).
4J. Tatebayashi, A. Jallipalli, M. N. Kutty, S. Huang, K. Nunna, G.

Balakrishnan, L. R. Dawson, and D. L. Huffaker, IEEE J. Sel. Top.

Quantum Electron. 15(3), 716 (2009).
5G. Tuttle, H. Kroemer, and J. H. English, J. Appl. Phys. 67, 3032 (1990).
6M. Losurdo, P. Capezzuto, G. Bruno, A. S. Brown, T. Brown, and G. May,

J. Appl. Phys. 100, 013531 (2006).
7F. W. Saris, W. K. Chu, C. A. Chang, R. Ludeke, and L. Esaki, Appl.

Phys. Lett. 37, 931 (1980).
8J. Spitzer, H. D. Fuchs, P. Etchegoin, M. Ilg, M. Cardona, B. Brar, and H.

Kroemer, Appl. Phys. Lett. 62(18), 2274 (1993).
9B. R. Bennett, B. V. Shanabrook, and E. R. Glaser, Appl. Phys. Lett. 65,

598 (1994).
10B. Jenichen, S. A. Stepanov, B. Brar, and H. Kroemer, J. Appl. Phys. 79,

120 (1996).
11A. Bauer, M. Dallner, A. Herrmann, T. Lehnhardt, M. Kamp, S. H€ofling,

L. Worschech, and A. Forchel, Nanotechnology 21, 455603 (2010).
12H.-Y. Wang, C.-P. Lee, H. Niu, C. H. Chen, and S. C. Wu, J. Appl. Phys.

100, 103502 (2006).
13Handbook on Physical Properties of Semiconductors, edited by S. Adachi

(Kluwer, 2004).
14D. S. Gemmell, Rev. Mod. Phys. 46, 129–227 (1974).
15Ion Beams for Materials Analysis, edited by J. R. Bird and J. S. Williams

(Harcourt Brace Jovanovich, 1989).
16Backscattering Spectrometry, edited by W. K. Chu, J. W. Mayer, and

Marc-A. Nicolet (Academic Press, 1978).

FIG. 6. The 2D mapping images of the

backscattered ion yield as a function of

the channel number (sample depth)

and the tilted angle for (a) sample A

and (b) sample B, respectively. The

arrow indicates the location of the

InAs channel.

164304-4 Lin, Chen, and Lee J. Appl. Phys. 115, 164304 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

140.113.38.11 On: Thu, 25 Dec 2014 01:47:16

http://dx.doi.org/10.1016/j.physe.2003.08.003
http://dx.doi.org/10.1016/j.sse.2005.09.008
http://dx.doi.org/10.1109/LED.2011.2170550
http://dx.doi.org/10.1109/JSTQE.2009.2015678
http://dx.doi.org/10.1109/JSTQE.2009.2015678
http://dx.doi.org/10.1063/1.345426
http://dx.doi.org/10.1063/1.2216049
http://dx.doi.org/10.1063/1.91764
http://dx.doi.org/10.1063/1.91764
http://dx.doi.org/10.1063/1.109393
http://dx.doi.org/10.1063/1.112955
http://dx.doi.org/10.1063/1.360918
http://dx.doi.org/10.1088/0957-4484/21/45/455603
http://dx.doi.org/10.1063/1.2382421
http://dx.doi.org/10.1103/RevModPhys.46.129

