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Magnetoresistance of modulation-doped M5a, ;dN/GaN heterostructures has been studied by means of
magnetotransport measurements at low temperatures and high magnetic fields. The double periodicity of the
Shubnikov—de Haas oscillations was observed. It was found that the occupation of the first two subbands by
the two-dimensional electron gé2DEG) in the triangular quantum well at the A,Ga, ;dN/GaN heteroint-
erface took place when the 2DEG sheet concentration reachedl@2cm 2. The energy separation of the
first and the second subbands in the quantum well was determined to be 75 meV just before the second
subband was occupied. The quantum scattering time related to the first subband was determined to be 8.4
X 10 s,

Al,Ga _,N/GaN heterostructures are of special interestAl, Ga,;N/GaN heterointerfac®. There are two other
for the fabrication of heterostructure field-effect transistorsgroups who showed much interest in the occupation of the
(HFET9 for high-power, high-temperature, and high- second subband in the triangular well in,8l_,N/GaN
frequency applications:® In Al,Ga _,N/GaN heterostruc- heterostructures by means of  magnetotransport
tures, the sheet concentration of the two-dimensional eleaneasurements:'? But the occupation of the double sub-
tron gas(2DEG) as high as 1®cm 2 is easily achieved, bands was not identified through these experiments.
mainly due to the strong piezoelectric polarization of the Itis well known that magnetotransport study is a powerful
Al,Ga,_,N barrier* Although AL Ga,_,N/GaN heterostruc- method for the investigation of transport properties of the
tures have been studied extensively in the past sever@DEG in various heterostructurgs:® In this study, the
years>~® there still are many open problems about the for-magnetoresistance of modulation-doped, AGa, -gN/GaN
mation of the 2DEG at the heterointerface and the scatteringeterostructures was investigated by means of magnetotrans-
processes that limit the 2DEG mobility. In order to optimize port measurements at the temperature of 3.0 K and the mag-
the performance of AlGa,_,N/GaN HFETSs, detailed char- netic field up to 9.0 T. The double periodicity of the
acterization of the 2DEG in AGa _,N/GaN heterostruc- Shubnikov—de Haa&SdH) oscillation is observed, which in-
tures is necessary. dicate that the second subband in the triangular quantum well

On the other hand, the triangular quantum well at amat the A} ,/Ga, ;dN/GaN interface has been occupied.

Al,Ga _,N/GaN interface is much deeper than that at an Figure 1 shows the schematic diagram of a modulation-
Al,Ga _,As/GaAs one due to the large conduction-band off-doped A} ,/Ga, 7dN/GaN heterostructure used in this study.
set between AlGa _,N and GaN, and the strong piezoelec- The samples were grown by means of atmospheric pressure
tric polarization of the AlGa,_,N barrier? Therefore, an metal-organic chemical-vapor depositidOCVD). On the
Al,Ga, _,N/GaN heterostructure is a very suitable system for(0001) surface of a sapphire substrate, a nucleation GaN
research in the field of low-dimensional quantum physics. buffer layer was grown at 488 °C, followed by a Zufa-

The occupation of the subbands in the triangular quantunthick unintentionally doped Gal-GaN) layer deposited at
well in an Aly,/Ga&, ;d\N/GaN heterostructure has been stud-1071°C. Then, an unintentionally doped (AGa, 7N
ied theoretically by Hsu and Walukiewi¢ZThey calculated  (i-Al,Ga;_N) layer (spacey, followed by a 25-nm-thick
the energy levels of the lowest three subbands as a functidBi-doped A} ,Ga 7N (n-Al,Ga _,N) layer were depos-
of the 2DEG density. Let al. studied the occupation of the ited, both at 1080 °C. Two samples were employed in this
first two subbands by monitoring the 2DEG mobility as astudy. They have the similar structure except that the spacer
function of the 2DEG density through analysis of the persisthickness is 10 nm for sample 1 and 3 nm for sample 2,
tent photoconductivity of AlGa_,N/GaN hetero- respectively.
structures? According to their studies, the sheet concentra- By means of Van der Pauw Hall measurements, the
tion at which the second subband became occupied we2DEG mobility of 1240 cr/Vs and the 2DEG sheet concen-
about 1.4 10'2cm™2. Bergmaret al. reported that they ob- tration of 1.2<10'3cm™2 in sample 1 were determined at
served the photoluminescence feature that came from th®om temperaturé300 K). At 77 K, the mobility and the
population of the first excited electron level at the sheet concentration were 4450 %% and 9.0< 102cm 2,
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FIG. 1. Schematic diagram of a modulation-doped
Al Ga 7d\/GaN heterostructure used in this study.

respectively. For sample 2, the 2DEG mobility of 896
cn?/Vs and the 2DEG sheet concentration of 1.7
X 1083 cm™? were determined at room temperature. At 77 K,
the mobility and the sheet concentration of sample 2 were
2730 cnf/Vs and 1.3 10%cm 2, respectively. The magne-
toresistance measurements were performed at the temper:
ture of 3.0 K and the magnet field between 0 and 9.0 T, with
the Van der Pauw configuration.

Figure 2 shows the diagonal magnetoresistangeas a
function of the magnetic field normal to the interface of the

p,, (arb.units)

Al »Gay 7dN/GaN heterostructure ifa) sample 1 andb) 14' . . . .
sample 2. In each sample, the strong SdH oscillation is 0 2 4 6 8 10
clearly observed. The most interesting phenomena are the Magnetic Field B (T)

double periodicity of the SdH oscillation in both samples.
But the periods are different. The threshold magnetic field FIG. 2. Diagonal resistivity,, as a function of the magnetic
for observation of the SdH oscillation is also different: it is field normal to the A Ga7dN/GaN interface at 3.0 K in(a)
4.7 T for sample 1, and 3.7 T for sample 2. sample 1 andb) sample 2, respectively. The Shubnikov—de Haas
The double periodicity of the SdH oscillations indicates ©scillation in both samples has double periodicity.
that there are at least two subbands in the triangular quantum
well formed at the heterointerface to be occupied by the The number of subbands that are occupied in the triangu-
2DEG. It is straightforward to obtain independently thelar quantum well at a heterointerface has a notable influence
2DEG sheet concentration in the two subbands from then transport properties of the 2DEG, and thus influences the
high-field oscillatory magnetoresistandé?® According to  characteristics of the corresponding devices. By modifying
the model in Ref. 14, the 2DEG sheet concentrations of 8.6he parameters of the heterostructures, such as the thickness
X 10*2cm 2 for the short period and 7:410'tcm™2 for the  of the ALGa,_,N barrier, the band offset at the heterointer-
long period are determined from the SdH oscillation offace, and the doping level of the &a _,N barrier, one can
sample 1. The two different concentrations correspond to theontrol the number of subbands in the well that are occupied.
electrons in the first and the second subbands. The totdlherefore, it is important to determine the energy position of
2DEG sheet concentration in the quantum well is 9.3each subband level in the well, especially the position of the
X 10*?cm 2, which is very close to that determined by first two subband levels, in order to optimize the perfor-
means of Van der Pauw Hall measurement. Here, it isnance of the AlGa, _,N/GaN HFETSs.
pointed out that the 2DEG sheet concentration in an Conduction-band potential profile, the Fermi level, and
AlL,Ga _,N/GaN heterostructure is almost independent ofthe first three Landau subbands, as well as the squares of the
temperature when the temperature is below 108#.For  wave function of the quantum states in the triangular well at
sample 2, the 2DEG sheet concentration of<IID"3cm™2  an Al ,/Ga, ,gN/GaN heterointerface are illustrated sche-
for the short period and 2:010*?cm 2 for the long period matically in Fig. 3. The piezoelectric field in the strained
are also obtained from the data shown in Fign)2The total ~ Al,Ga, _,N epilayer makes the quantum well become deeper
2DEG sheet concentration in the well is ¥.30"cm™2, and confines the electrons to a narrower strip at the hetero-
which is also consistent with that determined by means ofnterface. Thus the quantization of the energy band in an
Van der Pauw Hall measurement. AlL,Ga _,N/GaN heterointerface is more evident in compari-
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FIG. 3. Schematic diagram of the conduction band potential \
profiles, the squares of the wave function of the quantum states of
n=0, 1, 2 in the triangular quantum well at an, @, ,N/GaN 2 ¢ . . 1 . .
heterointerface. The position of the Fermi level and the first three 010 012 014 016 018 0.20
subband levels in the well are also schematically shown. 1/B (T")

son with that without piezoelectric field. When the first two  FIG. 4. Dingle plot of the short period oscillation amplitude of
subbands are partially occupied as shown schematically isample 1 against the reciprocal of magnetic field. The straight line
Fig. 3, the two periodsthe short period and the long perjod is the one-parameter fit in order to obtain the value of the quantum
of the SdH oscillations are observed as shown in Fig. 2.  scattering timer, related to the first subband.

The electron concentration in each subband in an i . o )
Al Ga,_,N/GaN heterostructure as a function of the totalWhereA is the amplitude of the SdH oscillatiokg is Bolt-
concentration is assumed as a linear relation, like the experfMann’s constanC is a constant at a given temperattre
mental result of a GalnP/GaAs heterostructure, as well as tiade s the electron chargé(as a function of the reciprocal
experimental and theoretical results of an®d, _,As/GaAs of thg magnetlc.fleld Bis shovx_/n in F|g. 4, The OSCI||atI0'n
heterostructuré®1%2 We extrapolate that the second sub- amplltudeA at different _magnetlc field is _obtamed from Fig.
band starts to be populated at the concentration of abo@@®- By fitting the data in Fig. 4, we obtain that the quantum
7.2x10"cm 2. The relation between the Fermi energy level Scattering time _related to the first subband of samp!e lis
Er, the level of each subband,, and the sheet electron 8-4% 10 *s. This leads to the Landau level broadening of

concentration ofth subband\; is given by about 3.9 meV. It should be pointed out that the quantum
' scattering time related to the first subband is influenced by
Er=E;+N;mh2/m*, ) the electrons in the second subband to some degree, and thus

. ) the amplitude of the SdH oscillation related to the first sub-
where m* is the electron effective masé, the reduced pang is influenced by that related to the second subband.
Planck constant, anth*/#%? is the two-dimensional state However, due to the small amplitude and the low frequency
density in the well. Through changing the sample parametergf the SdH oscillation of the second subband, the influence is
as mentioned above, we can control the number of subbanggeak. It is difficult to determine the quantum scattering time
that are occupied in the triangular quantum well at ane|ated to the second subband of sample 1 because of the
Al,Ga _,N/GaN heterointerface. There must be the suitablestrong oscillation of the first subband.

Sample parameters, which make the Fermi level be hlgher In summary, magnetoresistance in modu|ated_d0ped
than the first subband, but just below the second SUbbanﬁilo_zzeaOmN/GaN heterostructures has been studied by
level. When the 2DEG sheet concentration in the first Submeans of magnetotransport measurements at low tempera_
band isN;, the Fermi energy level is given by tures and high magnetic fields. The double periodicity of the
SdH oscillation of the 2DEG is observed. By calculating the
2DEG sheet concentration from the SdH oscillation spec-
trum, it is found that the second subband in the triangular

Taking the electron effective mass* as 0.28,,% and , . .
2 o ; I, ' quantum well at the Al,/Ga&, ;d\/GaN interface is occupied
N; as 7.2¢10cm *, we obtain thaEe — E, is 75 meV for hen the 2DEG density reaches 9.00?cm 2. It is deter-

sample 1. This means that the energy separation between théa . :

first F;md the second subbands is g)l;outp75 meV when thg'ned that the energy separation betweef‘ the first two sub-

Fermi energy level is just below the second subband. If con; and levelsk,—E, in the q_uantum_well IS 75 meV just

sidering the occupation of the second subband, we obtaiHefo.re the second subbgnd IS occuplgd. The qyantum scatter-

that E,— E, is 81 meV for sample 1 when takir,@ as Ingtime related to the first subband is determined to be 8.4
2 1 1

— 14
8.6x10"?cm 2 andN, as 7.4 10" cm ™2, x10°s.
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related to the subband in the triangular quantum well, which=gundation of ChingContract Nos. 69806006, 69976014,
is given by the total scattering rate and the transport scatte9636010, and 699870p1the National High Technology
ing time 7, . The quantum scattering time can be obtained byResearch & Development Project of Chig@ontract No.
the equatioff 863-715-011-0030 the Research for the Future Program of

) . . the Japan Society for the Promotion of Sciefleeoject No.
ABSmP(ZW kgTm ) o, T 11 (37 JSPS-RFTF96P00201and the Foundation for the Promo-
——||=C,4 , . : : !
enB e 74B tion of Industrial Science in Japan.

Er=E;+N;mh?/m*. 2

Y=In




RAPID COMMUNICATIONS

R7742

*Electronic address: hmdl@netra.nju.edu.cn

IM. A. Khan, Q. Chen, M. S. Shur, B. T. Mermott, J. A. Higgins,
J. Burm, W. Schaff, and L. F. Eastman, Electron. L88. 357
(1996.

2Y.-F. Wu, B. P. Keller, S. Keller, D. Kapolnek, P. Kozodoy, S. P.
Denbaars, and U. K. Mishra, Appl. Phys. Léi®, 1438(1996.

3s. C. Binari, J. M. Redwing, G. Kelner, and W. Kruppa, Electron.
Lett. 33, 242(1997).

4P. M. Asbeck, E. F. Yu, S. S. Lau, G. J. Sullivan, J. Van Hove,
and J. Redwing, Electron. Le®3, 1230(1997).

SM. Asif Khan, J. N. Kuznia, J. M. Van Hove, N. Pan, and J.
Carter, Appl. Phys. Leti60, 3027(1992.

6B. Shen, T. Someya, O. Moriwaki, and Y. Arakawa, Appl. Phys.
Lett. 76, 679(2000.

L. Hsu and W. Walukiewicz, Phys. Rev. 86, 1520(1997.

8Xiaoguang Wu and F. M. Peeters, Phys. Rev58 15438
(1997).

9J. P. Bergman, T. Lundstno, B. Monemar, H. Amano, and |.
Akasaki, Appl. Phys. Lett69, 3456(1996.

103, Z. Li, Y. Lin, H. X. Jiang, M. A. Khan, and Q. Chen, J. Vac.
Sci. Technol. B15, 1117(1997.

Z. W. ZHENGet al.

PRB 62

2| W. Wong, S. J. Cai, R. Li, Kang Wang, H. W. Jiang, and Mary
Chen, Appl. Phys. Letfr3, 1391(1998.

13D, C. Tsui, Phys. Rev. B, 2657(1973.

14y, D. Zheng, Y. H. Chang, B. D. McCombe, R. F. C. Farrow, T.
Temofonte, and F. A. Shirland, Appl. Phys. Le#t9, 1187
(1986.

153, M. Redwing, M. A. Tischler, J. S. Flynn, S. Elhamri, M.
Ahoujja, R. S. Newrock, and W. C. Mitchel, Appl. Phys. Lett.
69, 963(1996.

18T Wang, Y. Ohno, M. Lachab, D. Nakagawa, T. Shirahama, S.
Sakai, and H. Ohno, Appl. Phys. Le#4, 3531(1999.

17H. V. Houten, J. G. Williamson, M. E. I. Brockaart, C. T. Foxon,
and J. J. Harris, Phys. Rev. &, 2756(1988.

184, L. Starmer, A. C. Gossard, and W. Wiegmann, Solid State
Commun.41, 707 (1982.

9\, Razeghi, P. Maurel, F. OmeeS. Ben Armor, L. Dmowski,
and J. C. Portal, Appl. Phys. Le#8, 1267 (1986.

20A. Saxler, P. Debray, R. Perrin, S. Elhamri, W. C. Mitchel, C. R.
Elsass, I. P. Smorchkova, B. Heying, E. Haus, P. Fini, J. P.
Ibbetson, S. Keller, P. M. Petroff, S. P. DenBaars, U. K. Mishra,
and J. S. Speck, J. Appl. Phy&?, 369 (2000.

W, Knap, S. Contreras, H. Alause, C. Skierbiszewski, J. Ca?'T. Ando, J. Phys. Soc. Jpb1, 3893(1982.

massel, M. Dyakonov, J. L. Robert, J. Yang, Q. Chen, M. Asif
Khan, M. L. Sadowski, S. Huant, F. H. Yang, M. Goiran, J.
Leotin, and M. S. Shur, Appl. Phys. Le®0, 2123(1997.

22y, J. Wang, R. Kaplan, H. K. Ng, K. Doverspike, D. K. Gaskill,
T. lkedo, I. Akasaki, and H. Amono, J. Appl. Phy&9, 8007
(1996.



