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We have performed a magnetotransport study on an AlGaN/GaN heterostructure at low
temperatures. The effective-mass values have been evaluated by analyzing the exact form of the
temperature-dependent Shubnikov—de Haas oscillation function. The values obtained increase with
the magnetic field. This mass enhancement is attributed to conduction-band nonparabolicity. The
effective-mass variation with the magnetic field was extrapolated to zero field, together with further
correction due to the triangular confinement of the carriers, yielding an effective mass of 0.185
+0.005 of the free-electron mass. Our result is in excellent agreement with the results obtained by
first-principle calculations and the tight-binding method, and suggest the significance of
magnetic-field-induced nonparabolicity in transport measurement20@®L American Institute of
Physics. [DOI: 10.1063/1.1380245

Recently, there have been increasing experimental studwo-dimensional2D) electrons confined at the AIGaN/GaN
ies aimed at clarifying the properties of group-IIl nitrides. heterojunction.
These materials have the advantages of band structures of a The sample used in this study was grown by metal—
direct-transition nature and widely varied band gaps. Theyrganic chemical-vapor deposition. A GaN buffer of 25 nm

are suitable for fabricating blue and ultraviolet light-emitting thickness was grown on the sapphire substrate, and it was

and laser diodes. Furthermore, their structures will be stronfollowed by a 1.3um-thick GaN, a 5-nm-thick Al;Ga N
layer, and finally, by 25-nm-thick Si-doped

ger and more chemically stable, and the devices made up grarner ) . . .
Aly.GaygN. The one-side doping results in the triangular

them can be operated in a high-power and in hlghfconfinement of carriers in the heterojunction. The mobility is

temperature enwronment. Qne of the important sys'Fems '1900 cniiV's at 77 K. The properties of the 2DEG at the
the AI_G_aN/GaN t\{vo@mensmnal elect_rgn ng_G) for its AlyGa N/GaN interface were investigated by magne-
promising future in high electron mobility transistors. totransport measurements at low temperatures and magnetic

From the technological point of view, some important fig|gs up to 15 T in &He refrigerator. The sample was im-
electron parameters must be clarified, such as the electrqfersed in liquid helium. The temperature could be cooled
effective mass, which is of crucial importance to optimize down to as low as 0.3 K and be controlled from 0.3 to 1.2 K
device performance. However, widely scattered values of thgy carefully adjusting the heater. It is also possible to reach
effective mass have been reported in previously publishedligher temperatures up to 4.3 K by adjusting thie absorp-
reports— The reported experimental results were somewhation rate. The data were taken by conventional lock-in tech-
larger than the predictions of theoretical calculati®hdhe  niques. During the measurements, the current was monitored
authors compensated the discrepancies between theory agdd kept small to avoid electron-heating effe@saller than
experiment by including the nonparabolicity resulting from 1 MA).

different carrier densities and spatial confinements. Yet, the ~SdH measurement has been a very welcomed tool for
improvements are not quite satisfactory. Recently, the restudying the properties of two-dimensional carriers, such as
ported values have ranged from 0.215 to 0r83.>* The effective masses, carrier concentrations, and scattering times.

purpose of this study is to elucidate the nature of the discre Figure 1a) shows typical Shubnikov—de Haas oscillations

ancies between the experimental outcomes and thet@lken at 0.3 K. There is only one series of oscillations and

. . Pe SdH oscillations can be resolved from 6 to 15 T.

retical calculations. We performed temperature-dependen . _
. . The oscillatory part of the SdH oscillations can be ex-

Shubnikov—de Haa$SdH) measurements to determine the ressed ds
electron effective mass in the interface. Contrary to previous
studies, which assumed that the effective mass is a constant .
a}nd mdependent.of the magpetlc field, we §tuQ|ed the varia- Apyx~4po— > exp(— mlwer), 1)
tion of the effective mass with the magnetic field. We ob- sinh(Z)
tained the nonlinear variation of the effective mass and at-
tributed it to the conduction-band nonparabolicity. Thus, wewhere Z=27kgT/hwc, wc=eB/m*, and 7 is the quan-

demonstrate the significance of the nonparabolicity effect fotum lifetime.

0003-6951/2001/79(1)/66/3/$18.00 66 © 2001 American Institute of Physics
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FIG. 1. Typical SdH oscillations at temperature 0.3 (&) perpendicular |G, 2. Temperature-dependent SdH oscillations obtained at 0.3, 1.3, and
field (solid line) and (b) tilted field of #=16° (dotted ling. The inset shows 4 3 K (from top to botton. The inset shows the fitting for the effective mass

the inverse magnetic field of the SdH maximum as a function of the succesgy; two magnetic-field values, 8.3 and 9 T, and yields the effective-mass
sive oscillation numberga) result for perpendicular fiel@solid circles and values 0.246 and 0.253, respectively.

(b) result for tilted field(open circles

the effective mass increases with the magnetic field. The en-

The inverse magnetic fields of the SdH oscillation hancement of the effective mass can be described by a
maxima as a function of the successive oscillation numbergimple linear fit:m*/my=0.17+0.0098B, or a nonlinear fit

are plotted as solid circles in the inset of Fig. 1. The data @ hich includes a quadratic termm*/my=0.195+ 0.048

be described by the simple linear equafion +0.000 282, which is plotted as the dashed and the solid
1 e lines in Fig. 3, respectively. Both approaches give good fits
By N— +C, () with the data points. The mass variation is a consequence of

) ) ) _ _ the nonparabolicity of the conduction band. The increase of
whereN is an integerC is a constant, and is the carrier  the magnetic field enlarges the electron wave vektan the
concentration. The choice of the oscillation number is arb"plane perpendicular to the magnetic field. Then, higher terms
trary. The solid lines in th(_—:~ inset of Fig. 1 show the fit.ting t0 of the wave vector are required to describe the physics when
Eq. (2). The slope of the line corresponds to the carrier denyhe magnetic field is large. The effective mass is, therefore,
sity 9.4x10*cm 2. altered since the effective mass contains information on the

To verify the two-dimensionality of the conducting car- pand structure.
riers, we rotated the sample orientation against the magnetic |t was as early as the late 1950s that Kaed Wallid
field. Figure 1b) shows the SdH oscillations taken f@f  syccessively developed the theoretical approach to include
=16° inclined with respect to the magnetic field. The corre-¢4 teyms in the conduction—electron energy expansion,
sponding minimum positions of the SdH oscillations shiftyyhich implied a variation of effective mass with magnetic
along withB cos®. The hollow circles in the inset of Fig. 1 fie|g. |t was experimentally observed by Palik and
show the inverse magnetic fields of the SdH maxima as @g-workers'®™* who studied the effective mass imtype
function of the successive oscillation numbers. The 2D char,gp. palik found that the effective mass increases roughly
acter is further confirmed by examining the éwalue of
the slope ratio between the lines obtained from the tilted and
perpendicular magnetic fields. It is in good agreement within
the precision of our sample holder geometry.

Several selective temperature-dependent SdH oscilla-
tions are shown in Fig. 2. The oscillation amplitudes can be  0.26-
found to increase with the decrease of temperature. The ef-
fective mass can be extracted from the variation of the am- =024 7
plitude of the SdH oscillation with temperature. From Eq. ]

0.30 1

0.28 1

(D), 0.22—_ B

A((B,T;) Z;sinhZ, 0.20 .

AABTy)  Zysinnz,’ TN
where A, is the amplitude of the oscillation an8 is the 0 2 4 6 8 10 12 14
magnetic-field value where the amplitudes are taken. The magnetic field (T)

effective masses are obtained by solving &). It is also

possible to fit the amplitude by the conventionalﬁlﬁ() vsT FIG. 3. Calcu_lated effective mass at some selected fields of maximurr_] SdH
ploL* The fiting for the effecive mass for two magnetc- PSSP e Te Plecis ess rreeses i v gt feld
field values is shown in the inset of Fig. 2. The results of theg is the nonlinear fitm* /my=0 195+ 0.0048 +0.000 282 The low-field

calculated effective mass are shown in Fig. 3. It is found thatiata reported by Saxlett al. (see Ref. Bare shown as an open diamond.
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TABLE |. Measured sheet carrier concentrations and effective magsamits of free-electron mass)
obtained from previous magnetotransport and cyclotron resori@Reexperiments. The masses obtained by
the two experimental methods give different results. The last two rows show the theoretical results of the
first-principle calculation and tight-binding method. In our results, a linear extrapolation to zero field with
Ando’s correction yields an effective-mass value of 0.1823125 of the free-electron mass.

Carrier Effective mass
Reports Approaches concentratior{cm™?) (without correction
Ref. 3 (Saxle) SdH 5.1x 102 0.215
Ref. 1(Wong SdH 5.4< 10 0.228
Ref. 4 (Brana SdH 1.0x 108 0.23
Our results SdH 94 101 0.23 (low field)
Ref. 5 CR 3.%x 10 0.242
Ref. 2 CR 3.6<10% 0.242
Ref. 6 First-principle result 0.18
Ref. 7 Tight-binding 0.18

method

linearly with the magnetic field and he successfully interpret  In conclusion, magnetotransport measurements have
his results in terms of the Kane—WalliKW) approach to- been performed on electrons confined in a Si-doped GaN/
gether with consideration of band interactions since the KWAIGaN heterostructure. SdH oscillations were evidence of
approach solely yields a slightly parabolic behavior with thethe 2DEG in the heterostructure and were further confirmed
magnetic field when the magnetic field exceeds'8 $imi-  for their two-dimensional character. The sheet carrier con-
larly, behavior was observed for different material systemscentration determined from SdH oscillations was 9.4
Whall et al!? studied remote doped Si/SiGe and found thatx 10>cm™2. The effective mass was studied as a function of
the effective-mass variation with the magnetic field isthe magnetic field. The measured effective mass was found
roughly linear for a magnetic field lower than 3 T. Thus, weto increase with the magnetic field and was taken as evidence
attribute the mass variation with the magnetic field mainly toof conduction-band nonparabolicity. The extrapolation of the
the conduction-band nonparabolicity. experimental data and the correction of Ando’s formula to-
Because we do not have data taken in a lower field, it igether give m* =0.185+0.005n,, which is in excellent
difficult to determine which fit is better by our data alone. agreement with the prediction made by first-principle calcu-
However, Saxleet al2 reported an effective-mass measure-lations. Our results suggest that magnetic-field-induced band
ment taken at magnetic fields between 3 and 4 T. We, theraronparabolicity must be taken into account in magnetotrans-
fore, plot their data as an open diamond in Fig. 3. It may beport experiments and is responsible for the discrepancies be-
seen that the data prefers the nonlinear fit. It suggests that theeen the theory and previous experimental results.
nonlinear fit would give a better description of the magnetic- ) ) ]
field-induced nonparabolicity. The mass of the extrapolation 1 hiS work was partly supported by the National Science
to zero field ism* =0.195+0.005m, for the nonlinear fit,. Council of the Republic of China.
The values are smaller than most experimental outcomes
previously reported. Since a triangular potential well is
formed by the accumulated electrons in the GaN layer cIoséL-hW- Wong, S. J. Cai, R. Li, K. Wang, H. W. Jiang, and M. Chen, Appl.
to the interface’_a further CorreCtior_] can t_)e made_ by_ takingz\F;V. );(Snell_;ttEYSFr;f/Es);(nlig?)l L. Sadowski, C. Skierbiszewski, D. Maude, V.
Ando’s formula into account to estimate its contribution t0  Falko, M. Asif Khan, and M. S. Shur, Appl. Phys. LeT5, 3156(1999.
the mass enhancement. The effective mass is lowered b¥yA. Saxler, P. Debray, R. Perrin, S. Elhamri, W. C. Mitchel, C. R. Elsass, I.
0.01m, to 0.185+ 0.005m0_4 It is remarkably close to the P. Smorchkova, B. Heying, E. Haus, P. Fini, J. P. Ibbetson, S. Keller, P. M.
results obtained by first-principles calculations given by ggggfé(%lp' DenBaars, U. K. Mishra, and J. S. Speck, J. Appl. RTys.
SuzukP and by the tight-binding methddin our measure- s F. Brara, C. Diaz-Paniagua, F. Batallan, J. A. Garrido, E Wxnrand
ments, the effective mass obtained at relatively low magnetic F. Omnes, J. Appl. Phy&8, 932 (2000.
fields is about 0.28,, which is very close to the recent SW. Knap, S. Contreras, H. Alause, C. Skierbis_zewski, J. Camassel, M.
4 . Dyakonov, J. L. Robert, J. Yang, Q. Chen, M. Asif Khan, M. L. Sadowski,
reported valué:* We, therefore, suggest that most previously ¢ Huant, . H. Yang, M. Goiran, J. Leotin, and M. S. Shur, Appl. Phys.
reported experimental results contain an additional contribu- Lett. 70, 2123(1997.
tion due to magnetic field. When the magnetic-field compo-jM- Suzuki, T. Uenoyama, and A. Yanase, Phys. Re&238132(1995.
nent is removed from the data, the effective mass approacheiélea(”l%gg' Nakajima, and S. Sukai, Jpn. J. Appl. Phys., Pagd1
the predictions made by first-principle calculations. This iSsg 6 kane, J. Phys. Chem. Solitis249 (1956.
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