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ABSTRACT

Magnetotransport properties of Al 22Gag 7sN/GaN modulation-doped heterostructures have
been studied at low temperatures and high magnetic fields. The inter-subband scattering of the
two-dimensional electron gas was observed. The inter-subband scattering is very weak and
depends weakly on temperature when temperature is between 1.3 K and 10 K and becomes
stronger with increasing temperature when temperature is higher than 10 K. The strain relaxation
of the Alo22Gag7sN layer influences the inter-subband scattering. It is suggested that the
inter-subband scattering is dominant by the elastic scattering when temperature is lower than 10
K, and changes to be dominant by the inelastic scattering of the acoustic phonons when
temperature is higher than 10 K.

INTRODUCTION

Due to the large conduction band offset and the large piezoelectric field in AlyGa;.xN/GaN
heterostructures, the two-dimensional electron gas (2DEG) are confined to a much more narrow
stripein the triangular well at the heterointerface in comparison with that in AlxGay..xASGaAs
heterostructures. This leads to the quantized energy levels of the first two subbands separated as
large as 75 meV[1]. The research of recent works on magnetotransport properties of the 2DEG in
AlxGay.xN/GaN heterostructures were concentrated on the systems that only the lowest quantized
electronic subband in the triangular well was occupied. Therefore, the scattering mechanism of
the 2DEG in AlxGay.xN/GaN heterostructures is probably different from that in AlxGay.xASGaAs
ones

It isfound that the 2DEG mobility in AlyGay;.«AS GaAs heterostructures is affected
evidently by the inter-subband scattering[2, 3]. With improving the quality of AlxGay.xN/GaN
heterostructures, it has been possible to investigate the inter-subband scattering of the 2DEG in
Al Ga;.xN/GaN heterostructures, in which two subbands in the triangular well are occupied by
the 2DEG. To our knowledge, thereis little report about the research on the inter-subband
scattering of the 2DEG in AlxGay.xN/GaN heterostructures until now. In this work, we studied the
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inter-subband scattering of the 2DEG in AlyGay.xN/GaN heterostructures by means of
magnetotransport measurements at low temperatures and high magnetic fields.

EXPERIMENTAL DETAILS

Four samples were prepared in our experiments. They were fabricated by metal-organic
chemical vapor deposition (MOCVD). On the (0001) surface of a sapphire substrate, a
nucleation GaN buffer layer was grown at 488 °C, followed by a 2.0-pum-—thick unintentionally
doped GaN (i-GaN) layer deposited at 1071 “C. Then, a 3-nm-thick unintentionally doped
Alo22Gag 7N layer, followed by a Si-doped Al 22Gag7sN layer were deposited at 1080 “C. The
thickness of the Si-doped Alp2,Gap.7sN layer is 25 nm for Sample 1, 50 nm for Sample 2, 75 nm
for Sample 3, and 100 nm for Sample 4, respectively.

The 2DEG mobility was measured at 77 K by Van der Pauw Hall configuration. It is
determined to be 2730 cm?V.s for Sample 1, 3070 cm?/V.s for Sample 2, 915 cm*/V.sfor Sample
3, and 978 cm?V.s for Sample 4, respectively. The high-resolution X-ray diffraction reciprocal
space mapping has demonstrated that the AlxGayxN layer on GaN was pseudomorphic growth in
Sample 1 and Sample 2, but was partially relaxed in Sample 3 and Sample 4[4]. The decrease of
the 2DEG mobility in Sample 3 and Sample 4 is due to the partial relaxation of the Alg2.Gag 7sN
layer on GaN when the Alp2,Gao7sN layer is thicker than 65 nm[4].

M agnetoresi stance measurements were performed with the Van der Pauw configuration at
temperatures between 1.3 K and 13 K and at the magnetic field upto 9.0 T.

EXPERIMENTAL RESULTS
The diagonal magnetoresistance pxx of Sample 2 as a function of magnetic field is shown in

Fig. 1. Asshownin Fig. 1 (a), the double periodicity of the Shubnikov-de Hass (SdH) oscillation
at 1.3 K indicates that at least two subbands in the triangular quantum well have been occupied

1.3K
(a)
Figure 1. Diagonal magnetoresistivity pxx of the 2DEG

in Sample 2 as afunction of magnetic field normal to
the heterointerface, (a) the double periodicity of the SdH
oscillation at 1.3 K, (b) the high frequency component
of the SdH oscillation extracted from (a) by the FFT
filtering at 1.3 K, and (c) the clear beating of the SdH
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by the 2DEG The SdH oscillation of the first subband extracted from Fig. 1(a) by the FFT
filtering isshown in Fig. 1(b). By the FFT filtering the SdH oscillation from the second subband
has been filtered. It indicates that a weak amplitude modulation of the SdH oscillation occurs at
1.3 K. Thereis no evident change of such weak amplitude modulation of the SdH oscillation
between 1.3 K and 10 K. When temperature increases to 10 K, a clear amplitude modulation is
observed as shown in Fig. 1(c). Similar phenomena are also observed in Sample 1.

The SdH oscillation of the first subband in Sample 3 by FFT filtering isshown in Fig. 2 at
1.5 K and 11 K, respectively. The amplitude modulation can hardly be identified at 1.5 K and
there is no evident change until 10 K. But a clear modulation is observed at 11 K.

1.5K ”
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~ Figure 2. High frequent component of the SdH
) oscillation of Sample 3, at (a) 1.5K and (b) 11 K,
& | 11K respectively.
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As shown in Fig. 3, the amplitude modulation of the SdH oscillation in Sample 4 can’t be
observed at 1.3 K. When temperature increases to 10 K, only a very weak modulation is
distinguished. The clear beating is observed at 13 K.

DISCUSSION

When two subbands in the triangular well are occupied by the 2DEG the total conductivity ¢
represents asum o = o1 + 62, Where conductivity 61 and o, correspond to the contribution from
the 2DEG located at the first and the second subbands, respectively[5, 6]. In the case of
multi-subband occupation, the coupling between the distribution functions F,, (k) of electronsin
different subbands arises due to the inter-subband scattering. The amplitude modulation of the
SdH oscillation observed in our experiments indicates that the inter-subband scattering existsin
the transport process of the 2DEG asillustrated by Coleridge et al.[7].

Severa of the inter-subband scattering mechanisms have been suggested by Coleridge and
Leadely et al.[7, 8], who intended to explain the characteristics of the amplitude modulation of
the SdH oscillation in semiconductor heterostructures. There are two basic points of the view in

16.34.3



their models on the inter-subband scattering of the 2DEG in semiconductor heterostructures. One
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3 (1;))*( X 15 Figure 3. High frequent component of the SdH
< oscillation in Sample 4, at (a) 1.3 K, (b) 10K and
& (c) 13 K, respectively.
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isthat the acoustic phonons mediate in the inter-subband scattering[9]. Based on this mechanism,
the inter-subband scattering depends strongly on temperature. Another oneis the elastic
inter-subband scattering mechanismg 10]. Base on this mechanism, the inter-subband scattering
depends weakly on temperature.

From our experiment results the inter-subband scattering depends weakly on temperature for
all samples when temperature is between 1.3 K and 10 K. This means that the inter-subband
scattering in this temperature range is dominant by the elastic scattering due to the alignment of
staircases of Landau levels corresponding to the different subbands in the triangular well at the
heterointerface. The inter-subband scattering becomes stronger when temperature increases to 13
K in Sample 4 or 10 K in other samples. This probably indicates that the inter-subband scattering
is changed to be dominant by the acoustic phonons when temperature is higher than 10 K.

According to the results in our experiments, the temperature dependencies of the
inter-subband scattering oscillation are influenced by the relaxation. The strain states of the
Alo22Gag 7sN barrier on GaN changed when relaxation happened. Thereis probably another
mechanism related to both the acoustic phonon scattering and the strain state of the Alg22Gag 7sN
layer to explain the experimental phenomena.

In an AlGa;.xN/GaN heterostructure there is a large piezoel ectric polarization. Both
deformation potential and the piezoel ectric scattering play an important role in the
magnetotransport processes[11]. In the theoretical study on the electron mobility in
modulation-doped Al Ga; «N/GaN heterostructures by Hsu and Walukiewicz[12], the
acoustic-phonon scattering was the important mechanism in limiting the 2DEG mobility through
both deformation potential and piezoel ectric scattering when temperature was higher than 10 K.
Therefore, the inter-subband scattering oscillation observed in our experiments is probably
influenced by the acoustic phonons via both the deformation potential and the piezoel ectric
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potential. As mentioned above, an AlyGay.«xN/GaN heterostructure is partially relaxed when the
Alo22Gag 7N layer is thicker than 65 nm. When the barrier is relaxed, the triangular quantum
well becomes broader, and thus the 2DEG distribution becomes farer from the heterointerface in
comparison with that in an un-relaxed sample. In this case, the 2DEG suffers less scattering from
the deformation and piezoel ectric potential. Since the Alo22Gag N layer is partially relaxed in
Sample 3 and Sample 4, the amplitude modulation of the SdH oscillation related to the
inter-subband scattering in these two samples can only be observed at higher temperatures than
that in Sample 1 or Sample 2.

The relaxation degree of the Alp 22Gap7sN layer in Sample 4 islarger than that in Sample 3
[4], and thus the 2DEG in Sample 4 suffers weaker scattering from the deformation and
piezoelectric potentials in comparison with that in Sample 3. In Sample 4, the oscillation of the
magnetoresi stivity represents a simple addition of the SdH oscillations resulting from the two
subbands when temperature is below 10 K. The inter-subband scattering assisted by the acoustic
phonon scattering can not be distinguished until 10 K. The strong modulation of the SdH
oscillation in Sample 4 can only be observed when temperature increases to 13 K. Meanwhile,
the strong modulation is observed clearly at 11 K in Sample 3. From the analysis above, the
mechanism that the inter-subband scattering is mediated by the acoustic phonons via deformation
potential and piezoel ectric potential can be used to explain the experimental phenomena well.

CONCLUSIONS

The inter-subband scattering of the 2DEG in modulation-doped Al 22Gap 7sN/GaN
heterostructures was studied by means of magnetotransport measurements at the temperature
range between 1.3 and 13 K. When temperature is below 10 K, the inter-subband scattering of
the 2DEG is dominant by the elastic scattering. When temperature is higher than 10 K the
inter-subband scattering becomes dominant by the acoustic phonons via deformation potential
and the piezoelectric potential near the Al 2.Gay 7sN/GaN heterointerface.

ACKNOWLEDGMENT

This work was supported by special Funds for Mgjor State Basic Research Projects of China
#G20000683, the National Natural Science Foundation of China (No. 69806006, 69976014,
69987001 and 60136020), the National High Technology Research & Development Project of
China, and the Research for the Future Program of the Japan Society for the Promotion of
Science (Project No. JSPS-RFTF96P00201)

REFERENCES

1. Z. W. Zheng, B. Shen, R. Zhang, Y. S. Gui, C. P. Jiang, Z. X. Ma, G Z. Zheng, S. L. Guo, Y.
Shi, P. Han, Y. D. Zheng, T. Someya, and Y. Arakawa, Phys. Rev. B 62, R7739 (2000).

2. T. Englert, J. C. Maan, D. C. Tsui, and A. C. Gossard, Solid State Commun. 45, 989 (1983).

16.34.5



3. H. L. Stérmer, A. C. Gossard, W. Wiegmann, Solid State Commun. 41, 707 (1982).

4. B. Shen, T. Someya, and Y. Arakawa, Appl. Phys. Lett. 76, 2746 (2000).

5. S. Mori, and T. Ando, Phys. Rev. B 19, 6433 (1979).

6. T. Ando, A. B. Fowler, and F. Stern, Rev. Mod. Phys. 54, 437 (1982)

7. P. T. Coleridge, Semicond. Sci. Technol. 5, 961 (1990).

8. D. R. Leadley, R. Fletcher, R. J. Nicholas, F. Tao, C. T. Foxon, and J. J. Harris, Phys. Rev. B
46, 12439 (1992).

9. D. R. Leadley, R. J. Nicholas, J. J. Harris, and C. T. Foxon, Semicond. Sci. Technal. 4, 885
(1989).

10. M. E. Raikh, and T. V. Shahbazyan, Phys. Rev. B 49, 5531 (1994).

11. M. Shur, B. Gelmont, and M. A. Khan, J. Electronic Materials 25, 777 (1995).

12. L. Hsu, and W. Walukiewicz, Phys. Rev. B 56, 1520 (1997).

16.34.6



