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Weak localization and magnetointersubband scattering effects in an AGa;_,N/GaN
two-dimensional electron gas
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Magnetotransport measurements have been carried out on a two-dimensional electron gas in a modulation-
doped A}, Ga ;dN/GaN heterostructure. The weak localization and magnetointersubband scattering effects
have been studied. The measurements show that the inelastic scattering time is inversely proportional to the
temperature, following the prediction by weak localization theory. Furthermore, fitting the inelastic scattering
time indicates an enhanced phase-breaking rate compared to the theoretical predication. At the same time, a
magnetoresistance oscillation induced by intersubband scattering has also been observed. This magnetoresis-
tance oscillation persists to a relatively high temperature in contrast to the Shubnikov—de Haas oscillation.

DOI: 10.1103/PhysRevB.69.125335 PACS nuntder73.20—r, 72.10-d, 73.43—f, 73.61—r

. INTRODUCTION MIS effects in a modulation-doped N Ga, -gN/GaN het-
erostructure in which two subbands are occupied by elec-
In a system with time-reversal symmetry, the quantumirons, so that intersubband scattering has to be taken into
interference of electron waves propagating along the samgccount. From the magnetotransport measurements, the in-
path in opposite directions leads to a weak localiza(ibth)  elastic scattering time associated with electron-electron inter-
of electrons. WL has been intensively studied in many two-action is determined and a MIS related oscillation was ob-
dimensional systems: Conductivity in a WL system shows served. The paper is organized as follows. The experimental
a logarithmic dependence on the temperafuf¢hen a mag-  aspects are described in Sec. II, and detailed analysis of the
netic field is applied perpendicular to the plane of a two-WL and MIS effects is presented in Sec. Ill. Finally, the
dimensional electron ga@DEG), the time-reversal symme- conclusion is given.
try is broken. The field induces a nonzero phase difference
between the time-reversal electron orbits, which has been Il. EXPERIMENT
demonstrated in studies of anomalous negative magnetore-
sistance(NMR). If more than one subband is occupied in a Modulation-doped Aj,/Ga ;d\N/GaN heterostructures
2DEG, the WL effect is strongly affected, depending on thewere grown by atmospheric pressure metal-organic
intersubband scattering intensit§.Since the intersubband chemical-vapor deposition. On ti{6001) surface of a sap-
scattering is accompanied by a transfer of a large momerphire substrate, a nucleation GaN buffer layer was grown at
tum, the scattering gains intensity in systems such as a#88°C, followed by a 2.Q:m-thick unintentionally doped
AlGaN/GaN 2DEG, in which there exists high density of GaN (i-GaN) layer deposited at 1071 °C. Then a 3-nm-thick
short-range disorders including interface roughness andnintentionally doped Al Ga,dN (i-AlGaN) layer
impurities! It should be noted that a high electron sheet den{spacey, followed by a 100-nm-thick Si-doped M,Ga, 79N
sity can be readily achieved due to the large conduction-ban¢h-AlGaN) layer, were deposited, both at 1080 °C. The dop-
discontinuity at the AlGaN/GaN heterointerface and theing concentration is 1.2 10'® cm 3. The samples were cut
strong piezoelectric polarization in the materials. This giveshy 4x 4-mn? squares and four Al/Ti Ohmic contacts were
rise to electron filling up to second, even third subbghds. made on the sample in a Van der Pauw configuration. Mag-
Intersubband scattering might also affect the oscillatorynetotransport measurements were performed using dc tech-
magnetoresistance:'® The intersubband scattering is en- niques under a magnetic field up to 10 T in the temperature
hanced each time the staircases of Landau levels in two sulbange from 3 to 25 K.
bands are completely aligned, which is termed magnetoint-
ersubbandMIS) scattering. The MIS scattering rate varies lIl. RESULTS AND DISCUSSION
periodically in 1B, leading to an oscillation similar to the
Shubnikov—de Haa$SdH) oscillation. In contrast to the Figure 1 presents the diagonal magnetoresistéjgeof
strong temperature dependence of the SdH oscillation, thée Aly,Ga, 7dN/GaN system as a function of the perpen-
MIS oscillation does not contain a temperature-dampinglicularly applied magnetic field at 3K. />4 T, the mea-
factor. The MIS oscillation may therefore take the leadingsurement reveals quick oscillations superimposed on a
role in oscillatory magnetoresistance with increasingslowly varying background of a parabolic line shape that is
temperaturé?! attributed to the parallel conduction in theAlGaN barrier.
In this paper, we report on an investigation of WL and Ry, displays a fast decrease with at very low magnetic
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FIG'.l' _The diagonal ma_gnetoreswtarﬁ(;g asa f_unctlon of the . FIG. 2. The conductivity of the 2DEG vs temperature, the solid
magnetic field at 3 K. The inset shows the negative magnetoresisy . is logarithmic fit of conductivity

tance behavior.

mixed up and electrons behave as if they are in one subband

field (see the inset in Fig.)1The clear double periodicities ' —
in the SdH oscillationgsee Fig. 1 indicate that two sub- With an average kinetic parameter. The WL system can be
treated by a diffusion approximatith valid at B<B,

bands are occupied by electrons. By fast Fourier transform 5 ! _
(FFT9 of R,, as a function of B, the electron densities in =hl2el;. Based on this WL theory, the quantum correction

the 2DEG system are obtained to beX920' cm 2 for the ~ ON Magnetoconductivity can be expressed as
first subband and 16102 cm 2 for the second subband.
The electron sheet density and the mobility of the 2DEG WL 1 h
system can be obtained by means of a two-carrier simulation Ac™H(B)= 202k ¥ 57 4eDBr;
proces¥’ (i.e., electrons in the doping layer and in the chan-

nel), which gives an electron concentration of 1 Ti
X 10' cm~2 and an electron mobility of- 850 cnf/Vs at 25 —y + In( T:)
K. From the temperature dependence of the SdH amplitudes,

the electron effective masa™ is determined to be 0.2%,,  wherer, and; are the elastic and inelastic scattering times,
which is in good agreement with reported values measuregespectively,« is a constanty is the digamma function,
by other techniques such as cyclotron resonah@e sub- and D is the mean diffusion coefficient equal to
bands are separated from the Fermi energy HpE; (1/n)2,-=12n,-(ﬁk(pj)/m*)27'j/2 (wheren=n,+n, and 7; is
= —E,= ined byEg—E; : ing ti i

1002 meV* and Eg—E,=16 meV obtained byEr—E;  the transport scattering time for the first or the second sub-
=mfin;/m* [wheren; is the electron concentration in the hang. Here we assume that the transport scattering times of
first (j=1) or second (=2) subbandl Since the electrons the two subbands coincide so that = 7,= .= um*/e

in Alg»Gay 7d\/GaN are well screened due to their large =011 ps. The average electron mean free path of two
gffectwg mass;' the effect .Of. thg electron-electron Cc'Ju'Iomb subbands] =vg, is roughly equal to 40 nm. Hence the
interaction on the c_ond_uctlwty is e_xpected to be negligible SQitical field B, is roughly 0.2 T, much higher than that
that weak localization is the dominant feature for the 2DEG; other high mobility samples(e.g., AlGaAs/GaAs
system. This is confirmed in Fig. 2 in which the conductivity heterostructurg<® e

of the 2DEG system exhibits a logarithmic temperature de-

. . AoVt as a function oB is plotted in Fig. 3 for lowB at
pendence, typical of a weakly Ipcallzed ZDI.EG'. From. th.evarious temperatures. From the least-square fit to the experi-
transport measurement, the estimated localization criteri

kel >1, (where ke and |, are Fermi wave vector and the %hental data using Edq1) (the solid lines in the figune both

&= L the elastic scattering time, and the inelastic scattering time
mean free path, respectivelig satisfied for both subbands. 7; are extracted. Similar to the transport scattering time

the obtained elastic scattering tinng~0.1 ps is temperature
A. WL effect independent, since the short-range scatfieterface rough-
The WL effect in the similar system was investigated ness, etg.dominate the scattering process. In the whole tem-
previously'® where only one subband is populated by elec-perature range, the inelastic scattering timeis inversely
trons. As a result, no intersubband scattering needs to hgroportional to temperature;=<T~* (see Fig. 4 This is an
considered in the system. The WL in systems with two ocdndication thatr;, corresponding to phase-breaking time, is
cupied subbands has been theoretically studied by Averkiegominated by inelastic electron-electron scattering with
et al® and Iwabuchiet al® It was shown that, if the short- small energy transfer in the dirty limit/kgT7>1 (7T 2
range scattering is dominant and at the same time the inteif the scattering is accompanied by a large energy
subband scattering is strong, subbands are coupled arichnsfer.!®?°Those values agree well with reported of&a.

2

2 ' 4eDBr,
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tures as marked. The straight lines indicate the particular magnetic

FIG. 3. The magnetic field dependence/of at different tem- fields where the phase shifts take place.

peratures. The results of the fitting to WL modElq. (1)] are su-
perimposed in continuous lines.
B. MIS effect
linear fit gives 1#;=5.5x 10'°T(s~1). To estimate the order The MIS oscillation survives with increasing temperature
of magnitude, we use the Nyquist rate formula for the elecwhile the SdH oscillation gradually diminishes. According to
tron phase-breaking tinme:?2 the work by Coleridgéand Sandeet al.° the MIS correc-
tion to the resistance takes the form
1 kgT In( EFTt)

—= — 2
N 2Bfm h ApMIS@eXF{_l(i+i
Wc\T1 T2

S{27T(E2—El)
COS————

g )

which gives 1#y=1.2x10T(s™ 1) by putting in all the
known numbers. Hence the experimentally observed phas%;
breaking rate is approximately five times larger than thaRN
calculated by this simplified Nyquist model, which is also
observed in many other semiconductor sampfésuggest-

ing that there exists more than one phase-breaking mecha- sam, X ex;{ o )co 2m(Eg—E)) N
nism. Electron-electron scattering with a small energy trans- i sinhX WeT| &
fer requires some scattering centers as mediators. In the

Nyquist model, electron-electron scattering is mediated only

hile a SdH oscillation with a temperature damping factor is
ritten as

hw

by electromagnetic fluctuations induced by other electrons. It (1=1,2), 4)
is thus expected that alloy disorder, interface roughness or
intersubband scattering might also play roles. whereX=27?kgT/fw.. SinceEg>E, in a 2DEG, the MIS
oscillation frequencyfy,s=(E,—E;)m*/fie is located be-
6F tween the two SdH oscillation frequencies of the first and
I second subbands but closer to that of the first subband.
sl Figure 5 shows the measured oscillatory magnetoresis-

tances at several temperatures. The oscillations are enhanced
by removing the slowly varying background. At 3 K, the

ar oscillatory magnetoresistance is dominated by the SdH oscil-
. 2 lation of the first subband, as evidenced by the 3-K FFT
& 3r spectrum depicted in Fig. 6. With an increase of temperature,
woor the SdH oscillations become weaker and weaker while the
2+ MIS oscillation remains essentially unchanged. A5 K,
the magnetoresistance shows significant beating effect, as the
1L amplitude and frequency of the SdH oscillation of the first

subband approach those of the MIS oscillation. With a fur-
ol ther increase in temperature up to 25 K, the MIS oscillation
000 005 010 015 020 025 030 035 starts to dominate the oscillatory magnetoresistance, as
1T(K") shown in Fig. 6. This process is also demonstrated in Fig. 5,
showing that, at certain magnetic fields, the oscillation
FIG. 4. The temperature dependence of the inelastic scatteringhase changes by degree, as temperature increases from 3
time 7;. The line is the dependencexT ™1, to 25 K.
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showing that the electron-electron scattering with small en-
ergy transfer dominates the inelastic scattering processes
from 7T~ 1. The experimental phase-breaking rate was
found to be significantly larger than the Nyquist rate, indi-
cating that other phase-breaking mechanisms appear to be
present. The MIS oscillation induced by resonant intersub-
band scattering has been observed and found to be insensi-
tive to temperature in contrast to a strongly temperature-
dependent SdH oscillation.
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