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We experimentally determine the density dependence of the transport lifefjmebtained from
low-field Hall measurements and the quantum lifetitag@ derived from analysis of the amplitude

of Shubnikov—de Haas oscillations in a tunable high mobility two-dimensional electrq2 DES)

in a Alg odGa 9N/ GaN heterostructure. Using an insulated gate structure, we are able to tune the
2DEG density from X 10 to 2x 10 cm?, and thus, monitor the evolution of the scattering
times in a single sample a@t=0.3 K in a previously unexplored density regime. The transport
lifetime 7, is a strong function of electron density, increasing frer.7 ps ain,=2x 10'* cm? to

~11 ps ain,=1.75x 10*cm2 Conversely, we find that the quantum scattering tigis relatively
insensitive to changes in electron density over this range. The data suggest that dislocation scattering
accounts for the density dependencepés well asr; in our low-density sample. @004 American
Institute of Physics[DOI: 10.1063/1.1827939

In the study of the transport properties of the two- Shubnikov—de Haa&SdH) oscillations is severely dampened
dimensional electron ga@DEG) it has long been recog- by relatively small (~3%) density inhomogeneities in
nized that two distinct relaxation times can be defihdthe =~ AlGaN/GaN 2DEGs. Such inhomogeneities are often
most commonly encountered is the transport lifetime definedbserved. As a result, naive analysis of the dampened SdH
as =um’/e where u is the low-field Hall mobility,m" is  oscillations may result in an artificially low quantum scatter-
the effective mass of the charge carrier, ani the elec- ing time 7, and therefore an artificially high ratig/ 7.
tronic charge. IfP(6) is the probability density that an elec- In this letter we detail our investigation of the quantum
tron is scattered through anglé, then 1/=/P(#)(1  and transport lifetimes of a tunable 2DEG confined in an
—cog#))d6. The inclusion of the angular weighting factor AlIGaN/GaN heterostructure. Using an in_sulated gate struc-
(1-cos#) enhances the contribution of large angle scatteringzure we are able to tune the 2DEG density frorm 20" to
events over small angle scattering. Another relaxation time2 < 10cm™, and thus, monitor the evolution of the scatter-

the quantum scattering time,, can be defined as: &/ "9 times in a single sample &4t=0.3 K in a previously
=[P(6)dé. As the weighting fuction(1-cosé) is not in- unexplored density regime. A principle advantage of this

cluded, all scattering angles are counted equallis a mea- structure is thay and can be measured at several different
. o ; 2DEG densities while keeping various forms of disorder
sure of the time that an electron remains in a single momen-

tum eigenstate in the presence of scattering. The quantursﬁuch as background impurity concentration, dislocation den-

- : . . I Il isorder, and interf roughn nstant. Th
scattering time can be related to disorder broadening of tha ty, alloy disorder, and interface roughness constant €

8ensity dependena# 7, and r; su ts that scattering f
. o q 1 suggests that scattering from
Landau levels of an electron in a magnetic field. At IOW.charged dislocations determines both lifetimes in our sample.

magnetic fields, it is agsumed_that each Landau Ie\Z/eI 'S" The AlGaN/GaN heterostructure used in this study was
broadened by a Lorentzian of W!d“’? such Fhaf:ﬁ/ZTq‘ . rown by molecular beam epitaxBE) on a low threading
The transport and the quantum lifetimes will be substantlall)gisbcaﬁon density~10° cm™?) 40-um-thick GaN template
different for scattering processes in which the scattering m Srepared by hydride vapor phase epitaxy. The details of the

trix element h_as significant angullar erendence. C.ons /BE growth have been reported previously. 0.3 K, the
quently, the ratio of the two scattering timeg 7, has tradi- ate leakage is<107'2 A over a voltage range +4 V. This

tionally been used in the study of semiconductor transport t ample displayed a maximum mobility of 80 000%M s
discriminate between various scattering mechanisms and {gi, ne=1.75x 10%cm2 at T=0.3 K.
measure the degree to which carrier scattering is predomi- Figure 1a) displays a typical magnetoresistance mea-

nantly large or small angle. - _surement aff=0.3 K. At a gate voltage o¥/g=-1V, the
Only recently have high mobility 2DEGs in opEG density is 9.& 10 cm2 and the mobility is
AlGaN/GaN heterostructures become available for sfufly. 64 200 crd/V s, corresponding to a transport lifetime of
In this system, the proper analysis of the quantum scattering 7 ps. The quantum lifetime is determined in the customary
time and the degree to which scattering is_predominatelfashion using Dingle plot¥ The amplitude(AR) of the
large or small angle remains controversiaf Recently, sphubnikov—de Haas oscillations is given byAR
Syed et al?® demonstrated that the amplitude of the:4R0X(T)exp(—w/wcrq) where  X(T)=(27kT/hw)/
sinh(27kT/hw,). o.=eB/m" andR, is the resistance at zero
¥Electronic mail: manfra@lucent.com magnetic field. The logarithm (AR/4"R,X(T)) is plotted
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S T A A B R a function of the dimensionless parameter2ke/ gre Where
wol n,=9.8x10"cm ] ke=(27mNe)Y? and grp=2m'e?/sh? is the two-dimensional

“ig“fgggm Ns Thomas—Fermi screening wave vector to aid comparison
150 L Z*~d4‘;psec i with existing theory of the quantum scattering time in

a AlGaN/GaN structurese is the dielectric constant of GaN.
_ As noted by Syeet al.®the magnitude of the derived quan-
tum scattering time may be suppressed due to density inho-
. mogeneities. Nevertheless, two trends are immediately ap-
parent. First, the transport lifetime displays significant
0 1 2z 3 4 5 6 7 8 9 10 11 1z 13 14 15 density dependence. The transport lifetime monotonically in-
@ Magnetic Field (T) creases from~4.8 ps atn,=4.3x 10'* cm™ to ~10.6 ps at
0 . . . . ne=1.47x 102 cm 2. Second, the quantum lifetime shows
relatively weak dependence on density, does increase
slightly with increasing density, rising from 0.35 ps &t
=4.3x 10" cm 2 to 0.49 ps an,=1.47x 10'2 cm™2. Never-
theless, this~40% increase is modest in comparison with
the increase of the transport lifetime.

At low densities, the mobility, and thereforg exhibit a

power law dependence on densigy=-ng, with «~ 1.0, over
the range of X 10 to roughly 1x 102 cm™2.” This power
law dependence in the low-density regime is indicative of
mobility limited by Coulomb scattering from charged
dislocations ™ This behavior can be qualitatively under-
FIG. 1. (8 Magnetoresistance alg=-1V andn,=9.8x 10 cm2 at T stood with the following simple model. The mobility is most
=0.3 K. The mobility of 64 200 cR1V s corresponds to a transport lifetime gffected by large angle scattering across the Fermi circle. The

of 8.7 ps.(b) Dingle plot generated from analysis of the Shubnikov—de Haasimproved mobility at higher density can be attributed to the
oscillations observed iga). The black squares correspond to the measured, -

points. The solid black line is linear fit to the data which yields a quantuminNcrease in the Fermi wave vecttt-=\27n,) that accom-
scattering timer,=0.42 ps. panies the rise in 2DEG density. For a given scattering wave
vectorq, established by the spatial configuration of the Cou-
lomb scattering sites, the angle through which the electron is
scattered decreases with increadipgand thus, the mobility

In(ARI4*R *X(T))

1.0
(b) 1B (T")

against 1B. The slope of this plot determines 4,/ Figure
1(b) is a Dingle plot generated from the data in Figg)1 The

) : X > 48 dominant scattering mechanism must still contribute signifi-
Analysis of this data set yields a quantum lifetime of 0.42 PScantly to small angle scattering.

- 1 am2 i i i
at ne=9.8x 10" cm2. This procedure is repeated at eight  Several groups have treated the effects of dislocation
different gate voltage settings to establish the density deDeré‘catteringl.l‘l Jenaet alt? recently presented a calculation

dence of the transport and quantum lifetimes. of the quantum scattering time due to dislocation scattering.

The transport and quantum lifetimes as a function Of, the Thomas—Fermi approximation, the screened matrix el-
2DEG density are plotted in Fig. 2. The density is plotted as;ment for charged dislocation scattering is

20 -~ r -t -r-rrrr° 1t 1" 12

, 4re 1
18] K'Molky= ————,
[ . eC q(q+ gre)
410
16 | B
2 4] L] 2 whereq= |k’ —k|=2kgsin(6/2) and @ is the scattering angle.
o I 1% @ is the distance between charges along the dislocation. In the
£ 12} | ] E . . . .
= . 5 Born approximation, the quantum scattering rate is then
= 10} - 18 = given by
€ [ ] o
208 =m @
g 06 | 14 8 1 m (2 , dq
T i —=Ngs—a | MO —==
04 |- E ] [ ] [] [] [] 1, Tq FJ0 \1 - (q/sz)
02} . . . . . .
0o L ' . . . . . . . whereNy;s is the areal density of dislocations. This equation
" 035 040 045 050 055 060 065 070 075 can be reduced to
c=2kF/qu
FIG. 2. The measured transport lifetimgand quantum lifetimer, plotted i _ Ndism*‘lﬂ'e2

as a function of density measured in a single samplE=41.3 K. The den-
sity is plotted as the dimensionless paramete2k:/qgre. The transport
lifetime increases monotonically over the entire density range while the
quantum lifetime exhibits much weaker density dependence. where

Tq ﬁsszczké @
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200 T T d T T T T T

T 0.25 rad are also displayed. The calculated weak density de-
] pendence ofr/ 7, is suggestive that dislocation scattering
] determinesr, as well asr in our sample, but we must be
i careful not to push the approximation too far. As we have
: described, the cutoff angle is not constant as the electron
. density and magnetic field are varied.
1 In addition to dislocation scattering we must also con-
sider other scattering sources that may contribute to the de-
termination of the quantum scattering tiffeRemote ionized
impurity scattering may also contribute to the determination
8.=0.05 of 7,. Nevertheless we have excluded remote ionized impu-
rities as thedominantsource of scattering in our low-density
6,20.1 7 sample. Both the power law dependence of mobility on
o [ — 6.=0.25 | density- u~ng, with a~1.0 and the peak mobility value

— (80 000 cm/V s) are consistent with dislocation scattering
0.0 0.2 04 0.6 0.8 1.0 1.2 . . . . b

t=2k Jq_, rather than r_emote ionized _|mpur|ty_scattgr?n@urther_more
the /7, ratio for remote ionized impurity scattering has

FIG. 3. 7/ 7, measured as a function of density. The density dependence opeen calculated” and shows a much stronger dependence
the calculated ratio due to dislocation scattering for three values of cutofon density than is seen in our data. In Fig. 3, the calculated
angle 6 are also displayed. The theoretically predicted ratio for remote r, / Tq for remote ionized impurity for an AlIGaN/GaN hetero-

ionized impurity ;catterlng for a structure ywth a 20 nm _ba‘rrler is als_o structure with a 20 nm AlGaN barrier is shown. This plOt is
shown. The density dependence of the ratio for remote ionized impurity .
scattering is stronger than the experimentally observed dependence. reproduced from Fig. 2 of Ref. 12.

In conclusion, we have presented a study of the density
dependence of the transport and quantum lifetimes in a gate

175 _ ‘r‘l‘l:q remote ionized impurity

q

- a -
8 &8 8
1 v 1 i M

-
L]

dislocation scattering E

ratio of scattering times t/t
3
—

N
L]
)

1
| .= l§2f du , tunable high mobility AlIGaN/GaN 2DEG in the previously
27 Jo wduz+ 121 -u? unexplored density regime1.5x 10*cm 2. The data sug-
gest that dislocation scattering determines bgthnd 7, in

{=2ke/ grp, andu=q/2kz=sin(#/2). The analytic expression
for 1/7 is precisely the same as for 4,/except that an
additional factor of B2 appears inside the integral. The im- M.M. thanks D. Jena for many helpful discussions. The
portance of small-angle scattering from dislocations is immet.incoln Laboratory portion of this work was sponsored by
diately clear upon examination &f. This integral formally  the Office of Naval Research under Air Force Contract No.
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