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Magnetotransport studies of AIGaN /GaN heterostructures grown
on sapphire substrates: Effective mass and scattering time
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Temperature-dependent magnetotransport measurements have been carried out on high-quality
two-dimensional electron ga2DEG) in AlGaN/GaN heterostructures with different Al content
grown on sapphire substrates. The GaN electron effective mass and the quantum scattering time are
determined by well-resolved Shunbikov—de Hass oscillations. The electron effective mass is
determined to be 18,. The ratio of the classic scattering time to the quantum scattering time
increases with increasing 2DEG sheet carrier density, which agrees very well with the previous
calculation based on an ideal 2DEG in conventional semiconductor systems. Our result indicates
that a low density of deep centers results in the much higher mobility of our structure compared with
other reports, which is of critical importance in fabricating a high-quality 2DEG structure in AlGaN/
GaN systems. €2000 American Institute of Physid$§0003-695(00)03019-9

In recent years, much progress has been made in deveMGaN/GaN heterostructure due to much less lattice mis-
oping llI-nitride optical and electronic devices, for example, match. Based on such a structure, the GaN electron effective
the blue laser diode with a lifetime of more than 10000 hmass was reported to be Orig.*? However, the electron
(Ref. 1) for continuous-wave operation at room temperature effective mass obtained from GaN grown on a SiC substrate
and the high brightness of blue/green light-emitting diddes cannot be used for that grown on a sapphire substrate due to
and microwave field-effect transistots-owever, most of a different strain effect In fact, most GaN-based optical
the basic properties of GaN are still unclear, in particular, thelevices are fabricated on sapphire substrates. Therefore, it is
electron effective mass, which is very important for analyz-necessary to measure the GaN electron effective mass on a
ing optical and transport data. In this case, there were somgapphire substrate, which is one of the purposes in this letter.
scattered reports since the early 1970sDue to poor crys-  Recently, using a specially designed metalorganic chemical-
talline quality, the early reported values for electron effectivevapor depositionf(MOCVD) technology, we obtained very
mass are scattered from 0.19 to 07(Refs. 4-6. In re-  high-quality 2DEG with a mobility of over 10cn?/V's in an
cent years, there have been some reports on the electrgiGaN/GaN SH grown on a sapphire substréteyhich is
effective mas$® Drechsleret al. reported a value of O0rl;  close to the reported highest mobility obtained on a SiC sub-
for GaN electron effective mass measured by a cyclotrortrate. Based on this high-quality structure, well-resolved
resonance technquePerIin et al. used infrared reflectivity SdH oscillations are observed even at fields as low as 2 T.
measurement to study free-standing bulk crystalline GaN angthe GaN electron effective mass was determined to be
determined a value of 0.2%.° A value of 0.23n, was re-  .1am,. Also, this letter investigates the reason for this high
ported for the two-dimensional electron g@DEG) formed  mopbility of the 2DEG by investigating the quantum scatter-
at an AlGaN/GaN single heterostructuf®H) grown on a ing time obtained from the SdH effect. With increasing
sapphire substrate using a cyclotron resonance techRiqU&DEG sheet carrier density, the ratio of classic scattering
Obviously, the data of the electron effective mass are stillime to quantum scattering time increases, which is in good
scattered due to poor crystalline quality. agreement with the previous calculation based on an ideal

Since the Shubnikov—de HadSdH) effect has long 2pEG system in conventional semiconductors. Our result in-
been an effective tool for the measurement of the propertiegjcates that the very low density of the deep centers is one of
of electrons in semiconductors, it can be used to determing,e important reasons for the high mobility of our structure.
electron effective mas”* and quantum scattering time, . The AlGaN/GaN heterostructures were grown(6002)

However, due to the poor quality of the 2DEG in previousgapphire substrates by a horizontal MOCVD technique. The
AlGaN/GaN _het_erostructures grown on sapphire sgbstrategeta"ed description can be found in our previous léder.
the SdH oscillations can be observed only at very high magagier annealing the substrate it 1150 °C, a 25-nm-thick
netic fields)®**which means that it is too difficult to obtain N puffer layer was deposited at 450°C. followed by a 2
an accurate value of the GaN electron effective mass. SiC 8%m undoped GaN layer and a 120 nm undoped AlGaN layer
a substrate can greatly improve the quality of 2DEG in thegrown at 1075 °C with Al contents of 10% and 18%, respec-
tively. The Al contents were measured based@006 x-ray
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FIG. 1. Magnetoresistancér(,) of 2DEG in the A} ;{Ga gJN/GaN SH as

a function of magnetic field for different temperatures. At each temperature,
the SdH oscillations can be observed clearly, in particular, at 1.5 K, the SdH
oscillations begin at fields as low as about 2 T, which indicates the high
quality of this structure.

transport measurements, the samples were mounted in
liquid-helium cryostat, containing a magnetic field up to 10 | ]
T, and the standard ac lock-in technique was used. In eacl 2DEG in Aly 1gGay goN/GaN SH

sample, high-purity Al/Ti was used to form the contacts. In  -6.0 | m*=0.19m

both samples, 2DEG has been confirmed to exist due to thi ) - L 0 T
genelrflll)é accepted model based on a_strong piezoelectri 1 2 3 4 5 6
field1*~1® At 1.5 K, the electron mobility is 10300 citV's

at a carrier sheet density of 6490'%cn? and 5160 Temperature (K)

. . 2
cnf/V's at a carrier sheet density of 2%80"/cn? for the FIG. 2. In(A/T) as a function of temperature at a magnetic field of 4.15 T.
Alg16GaygN/GaN SH and Af 1fGay odN/GaN SH, respec- The line represents the fit to the data from Fig. 1. The electron effective
tively, as we previously reporte‘a.ln order to investigate the mass is calculated at several magnetic fields, yielding an average value.
reason for this high mobility, another 2DEG sample was also

grown, in which the structure is the same as in theygn frequency,y is equal to 2r’kgT/%iw., kg is Boltz-

Alg 1658 g N/GaN SH except that the AlGaN layer is inten- mann's constant, and@ is absolute temperature. From the

tionally silicon doped.’ temperature dependeRt,, the electron effective mass can
Figure 1 shows the longitudinal resistariRg as a func- e determined. Elhameit al*? modified Eq.(1) into the fol-

tion of magnetic field for the Al;¢Gay gN/GaN SH at dif-  |owing expression and used it to calculate the electron effec-

ferent temperatures from 1.5 to 6 K. At 1.5 K, the SdH tive mass for the 2DEG in the AlGaN/GaN herterostructure
oscillations can be observed at fields as low as about 2 Tyrown on a SiC substrate:

which indicates the excellent quality of this sample. At high

magnetic fields, the second oscillations appear. In this case, | (é) o~ 2mkgm*
there are two possibilities, i.e., the second oscillations are enB '
due to second-level electrons or spin splitting. Based on the

magnetic-field-dependent Hall resistance, the SdH oscillatiol/here C is a temperature-independent term ahds the
electron densitynsyy is evaluated to be 6:410cr?, amplitude of the SdH oscillation. Therefore, the electron ef-

which is very close to the value of 6.¥3.0'%cn? that was fective masan* can be obtained by fitting the straight line
measured by the low-field Hall measurement mentioned?A/T) vsT. _ _
above. In addition, when the temperature is increased to 3 K, Figure 2 shows a typical IA(T) as a function of tem-
the second oscillations disappear. These data mean that orfirature at a magnetic field of 4.15 T. The electron effective
the lowest-energy level is occupied, and also indicate thaf1ass is evaluated at several magnetic fields, yielding an av-
there is no parallel conduction from other epilayers. There€rage value of 0.1€ny, which is also shown in Fig. 2.
fore, the second oscillations appearing at high fields can be N order to obtain the quantum scattering timg)( Fig.
attributed to spin splitting, which is under further study. 3 9ives the Dingle plot of the data at 119-5 K using the gener-
Since only the first electronic subband is occupied, the elec!ly accepted expression as followiffy:
tron effective mass can be evaluated based on the standard (1 AR sinh( X)) (wm*) 1
treatment developed by Ando, Fowler, and Stern, and Col- In =C— =, 3
eridge, Stoner, and Flecter as follo¥s- B

Apee X - where AR is the oscillation amplitude anR, is the zero-

=4— exp( , (1) field resistance. From the slope of straight line,
Po sinhx @cTq IN[ARsinh(y)/4Ryx] vs T, the quantum scattering time can

where pg is zero-field resistivityw.=eB/m* is the cyclo- be evaluated, which is about 0.33 ps at 1.5 K for 2DEG in

)

4R0 X

eTq
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T " T " T " in our structure compared with other reports. Therefore, if
2DEG in Al, ,4Ga, z,N/GaN SH | there are many deep centers in the AlGaN layer, the 2DEG
T=1.5K 1,=0.33 ps mob|I|ty_ should decrease greatly. In ord(_a_r to confirm this
conclusion, we also measured the mobility of the 2DEG
. sample with an intentionally silicon-doped AlGaN layer, in
which the density of the deep centers is increased. It is well
known that intentional silicon doping fon-type GaN (or
. AlGaN) normally results in a yellow luminescence band be-
cause silicon doping generally produces deep lekeEhe
2DEG mobility of the silicon-doped AlGaN sample was ac-
] tually found to decrease dramatically compared with the case
- of undoped AlGaN, which has been reported in our previous
papert’ In particular, at 1.5 K the mobility decreases to only
3348 cnf/V's from 10300 criVs in the case of undoped
AlGaN, which confirms our conclusion very well.
FIG. 3. IM(AR/4R,)sinh(y)/x] as a function of inverse magnetic field at In summary, by measuring the temperature-dependent
T=1.5K for the 2DEG in the AJ,/Ga gN/GaN SH. The fitting lindsolid gy effect of high-quality 2DEG in the AIGaN/GaN SH, the
line) is _also_shown. The slope of this line was used to calculate the quanturr(\saN electron effective mass and quantum scattering times
scattering time.
were evaluated. The electron effective mass was determined
to be 0.19n,. The ratio of classic scattering time to quantum
the Al 1dGa gN/GaN SH, as shown in Fig. 3. Similarly, the gcattering time increases with increasing 2DEG sheet carrier
quantum  scattering time for the 2DEG in the gensity, which is in a good agreement with the calculation
Alo. 158 ed\/GaN SH at 1.5 K is determined to be 0.38 ps, pased on an ideal 2DEG semiconductor system. Our result
which is almost the same as that for the 2DEG in thejngjcates that decreasing the deep center density is of critical
Alg 1§58 gN/GaN SH. As we have known, the quantum jmportance in obtaining a high mobility 2DEG structure.
scattering timer, (i.e., the single-particle lifetimeis sensi-
tive to all scattering events, while the classic scattering timets. Nakamura, M. Senoh, S. Nagahama, N. Iwasa, T. Yamada, T. Mat-
is insensitive to small-angle scattering due to an exifra  sushita, H. Kiyoku, Y. Sugimoto, T. Kozaki, H. Umemoto, M. Sano, and
—cos) factor compared with the expression of thg, K Chocho, Jpn. J. Appl. Phys., ParG8, L1568 (1997.
. . 21 . . T. Mukai, M. Yamada, and S. Nakamura, Jpn. J. Appl. Phys., P88, 1
where @ is the scattering angf@:?! The 7. is determined by 3976(1999.
low-field Hall measurements such as=er./m*. Although 3M. A. Khan, J. N. Kuznia, D. T. Olson, W. J. Schaff, J. W. Burm, and M.
74 is almost the same for the 2DEG in thepAGa, gN/GaN ,S- Shur, Appl. Phys. LetB5, 1121(1994.
SH and in the AleGQ)gd\l/GaN SH, thercqu is Slgnlfl- (Bl.gg.QKOSICkI, R. J. Powell, and J. C. Burgiel, Phys. Rev. L2#, 1421
cantly larger for the former than for the latter because thes s ‘garker and M. llegems, Phys. Rev.78743(1973.
mobility of the former is much higher than that of the latter. ®B. Rheinlmder and H. Neumann, Phys. Status Solids®8 K123 (1974).
On the other hand, the 2DEG sheet carrier density in the'X. Drechsler, D. M. Hofmann, B. K. Meyer, T. Detchprohm, H. Amano,

; ; ; and |. Akasaki, Jpn. J. Appl. Phys., ParB2 L1178(1995.
Alo'lgGaO'BzN/GaN SH is about 2.5 times that in the 8p. Perlin, E. Litwin-Staszewska, B. Suchanek, W. Knap, J. Ca-massel, T.

Alo.loG&).ch\I/GaN- Cpnsequeml% in our case, thcd'Tq in'. _ Suski, R. Piotrzkowski, S. Porowski, E. Kaminska, and J. C. Chervin,
creases with increasing 2DEG sheet carrier density, which is Appl. Phys. Lett68, 1114(1996.
in a good agreement with the calculation made by Das SarmaY- J- Wang, R. Kaplan, H. K. Ng, K. Doverspike, D. K. Gaskill, T. lkedo,

. . - . |. Akasaki, and H. Amono, J. Appl. Phyg9, 8007 (1996.
and Stern based on an ideal 2DEG in conventional SeMICONoy; " aci khan. J. Nuznia, J. M. Van Hove. N. Pan, and J. Carter, Appl.

ductor systemé In an ideal 2DEG system, the long-range Phys. Lett.60, 3027(1992.
Coulomb interaction due to the remote charged center pro“L. w. Wong, S. J. Cai, K. Wang, H. W. Jiang, and M. Chen, Appl. Phys.

duces mostly small-angle scattering. The 2DEG carrier shqugﬂélga 1_395%9?\?- DL B Mast. M. Ahouiia. W. C. Mitchel. 3. M
. . . . amrl, R. 5. Newrock, D. 5. Mast, M. oujja, W. C. Mitchel, J. M.
density increases, which means that more electrons enter the.;ino v. A Tischler, and J. S. Fiynn, Phys. Rev5B 1374(1998.

2DEG region and then leave behind more charged centers:t. wang, Y. Ohno, M. Lachab, D. Nakagawa, T. Shirahama, S. Sakai, and
Hence, small-angle scattering is enhanced by increasing theH. Ohno, Appl. Phys. Lett74, 3531(1999.
2DEG sheet carrier density, i.e., the/r, normally in- °L. Hsu and W. Walukiewicz, Appl. Phys. Leff3, 339 (1998.

L - . . . R. Oberhuber, G. Zandler, and P. Vogl, Appl. Phys. L&8.818(1998.
creases with increasing 2DEG sheet carrier density. Howrsy Maeda, T. Nishida, N. Kobayahi, and M. Tomizawa, Appl. Phys. Lett.
ever, if there exist more deep centers, thér, decreases 73 1856(1998.
with increasing 2DEG sheet carrier density, which has beefT. Wang, M. Lachab, D. Nakagawa, T. Shirahama, and S. Sakai, J. Cryst.

i ; Growth 203 443(1999.
observed in the previous GaAs/AlGaAs syst@rﬁherefore, 15T Ando, A B. Fowler, and F. Stern, Rev. Mod. Phgid, 437 (1997

despite a high defect density normally occurring in GaN-isp 1 coleridge, R. Stoner, and R. Flecter, Phys. Re8981120(1989.
based material systems, which normally results in a high°m. Hayne, A. Usher, J. J. Harris, and C. T. Foxon, Phys. Re46,0515
density of deep levels, our 2DEG structures belong to ar211(1993-

ideal case, i.e., meaning that the deep center density in ogfg' CD;és’\/lgg:rﬁgdai.dRF. ’*S”tgf,{s‘;l’yi’“éi; \g;\g?ﬁ;zl%gsggs&

structure is not significant due to our special growthzs | ee |-H. Choi, C.R. Lee, and S. K. Noh, Appl. Phys. L&, 1359
technology'® which may result in the much higher mobility ~ (1997.

-2.0

Ln(AR/RSinh{x)/x)

35

0.15 0.20 0.25 0.30 0.35
1/B(TY)



