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We report on the transport properties of a tunable two-dimensional electrdBBBS) confined at

the lower interface of a GaN/AhGa o/N/GaN heterostructure grown by plasma-assisted
molecular beam epitaxy on semi-insulating GaN templates prepared by hydride vapor phase epitaxy.
Using an insulated gate Hall bar structure, the electron density is continuously tuned-f2om

X 10* down to 1.5 10 cm™. At T=300 mK, the 2DEG displays a maximum mobility of

80 000 cm/V s at a sheet density of 1.%510"? cm™. At low densities, the mobility exhibits a
power law dependence on densityu~ng, with a~1.0, over the range of 210'%-1

X 102 cm2. In this density regime, the mobility is no longer limited by alloy scattering and
long-range Coulomb scattering dominates. We discuss the dominant scattering mechanisms that
presently limit low temperature mobility at electron densities below 102 cm ™2 © 2004
American Institute of Physic$DOI: 10.1063/1.1784887

The quality of the two-dimensional electron g&OEG)  suppress any residual conductivity that may obscure obser-
realized in the AIGaN/GaN system has improved dramativation of the 2DEG properties at very low sheet charge den-
cally in recent year%?4 Nevertheless, many of the basic elec- sities. The MBE epitaxial layer consists of a s GaN
tron scattering processes are still poorly understood, espduffer followed by a 16 nm AJydGayo/N undoped barrier
cially in the low-density regimén,<2.0x 10'? cm?) where  layer that is capped with a 3 nm GaN layer. Insulated gate
few experiments have been performed. It is now wellHall bars are then fabricated. Mesas of 100 nm height are
establisheti®® that alloy scattering and interface roughnessdefined with a chlorine-based dry etch. Ohmic contacts con-
limit the low temperature mobility for densities above2  sist of a Ti/Al/Ni/Au metal stack that is thermally annealed
X 10'2 cm?, producing a characteristic decrease in mobilityat 800°C for 30 s. The Hall bar is not intentionally aligned
for increasing density. At low densities, however, the elec-along any particular crystallographic axis. The Hall bar is
tron wave function samples the heterointerface less and alst)0 um wide by 2.0 mm long. Fourteen voltage probes are
penetrates less into the AlGaN barrier such that interfac@laced symmetrically along the device. After Ohmic contact
roughness and alloy scattering become less significant. Iglefinition, 100 nm of Si@ is deposited on the device. Fi-
this regime, Coulomb scattering from unintentional back-nally, 10 nm of Ni and 100 nm of Au are deposited over the
ground impurities, charged threading dislocations, andiO, along the Hall bar forming an insulated gate structure.
charged surface states is expected to limit mobility. In theThe device and epilayer structure is shown schematically in
low-density regime, the functional dependence of mobilityFig. 1. At T=0.3 K, the gate leakage is10' A over a
on density for AlGaN/GaN heterostructures has not beenoltage range +4 V. The gate voltage dependence,ct
experimentally determined and is a topic of theoreticall =0.3 K is displayed in Fig. @). The 2DEG density at each
discussiort® It will, of course, depend on the nature and gate voltage is determined from the periodicity of the
location of the Coulomb scattering sites. The functional de-
pendence of low temperature mobility on density is thus a

sensitive probe of the dominant scattering mechanisms. S |
In this letter we detail our studies of the dependence of o
low temperature mobility on carrier density in the very low- T
density regime. Using an insulated gate Hall bar structurewe [T ¢ | [T [J
have succeeded in producing a 2DEG with densities as low ] i 1
as 1.5< 10 cm ™2, thereby reducing the measurable density O = 5
by a factor of 10 over previously reported restifts | ? 2mm GaN
The 2DEGs used in this study were grown by nitrogen LT p L AlGaN
plasma-assisted molecular beam epita®yBE) on thick T . GaN
GaN templates prepared by hydride vapor phase epitaxy [T ___: .
(HVPE) on (0001 sapphire substrates. The HVPE GaN tem- |
plate is 40um thick and is known to have an approximate 100um

threading dislocation density of 4@m™2. The HVPE GaN

has been compensated with Zn at a leve~dfol” cm 23 to FIG. 1. Schematic diagram of the epilayer and the device used in this study.
The Hall bar is 2 mm long by 10@m wide. The distance between adjacent
voltage probes is 30@m. The SiQ layer between the epilayer surface and
¥Electronic mail: manfra@lucent.com the gate metal is 100 nm.
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In, = 1.23x10"cm4+2.43x1o"cm""(Va)

[ T=0.3K
1.2x10% |

' ' at 80 000 cri/V s at a density of~1.7x 10'2 cm2. Above
a density of~2x 102 cm? the mobility decreases for fur-
ther increases of density. The decrease in mobility with in-
creasing density abovex210*? cm? is known to be a con-
sequence of increased alloy and interface roughness
) scattering>*
1 The rise in mobility with increasing density for densities
] below 1x 10*? cm™ is the central finding of this work. In
2.0x10™ | ] AlGaN/GaN heterostructures at low temperatures it is be-
s 4 3 " 1 o 1 lieved that charged surface sta&S), unintentional back-
Gate Voltage (Volts) ground impurities(BI), and charged dislocation&D) are
the dominant sources of Coulomb scattering at low 2DEG
density®® At T=0.3 K phonons do not contribute signifi-
cantly to scatterinjand are neglected in this analysis. The
. inverse mobility can be expressed via Mathiessen’s rule
B = uss g T Hep T HMaiy A - The interplay of
these five mechanisms will determine the maximum achiev-
able mobility and the exact functional dependence of mobil-
- ity on n, at low density. Empirically, we can approximate the
observed dependence of mobility on density by assuming
that mobility is governed by one power law in the low-
o 2 4 & 8 10 1z 14 16 15 20 22 24 density regime and that alloy scattering and interface rough-
2DEG density (10™cm?) ness scattering result in another power law that is consistent
with previous measurements in high-density re@’tm‘éhe
FIG-VZ- tfai MeasgreddZDE%d\?nlsil}ihéﬁ:0-3_K as a\jur)ctli_on of gage Volllt- total mobility follows from Mathiessen’s rule. T?Ls approach
age etween and —4. . In this regl VS IS lInear and we H H H : H H .
agprogximated byle:1.23><1012+2.42><1011gcrr:%*vg.g(b) 2DEG sheet re- IS ?E’,E“ed in Fig. 3 using the .fl_mc_tlonﬁNnQ and p
sistance as a function of electron densityTat0.3 K. ~n, . The total calculated mobility is shown as the open
black squares. While this simple approximation does not
capture all of the physics, it displays the required peak in
Shubnikov—de Haa&SdH) oscillations. In all cases, the lon- mobility at n,~1.75x 10" cm™. At low densities, the mo-
gitudinal magnetoresistanck,,, goes to zero at the integer bility exhibits a power law dependence on densijiy~ng,
quantum Hall states at high magnetic field, confirming thawith «~1.0, over the range of 210" to roughly 1
only one conduction channel is active. As can be seen, th& 10'? cm™2. We note that we have now measured similar
2DEG density is a linear function of the gate voltage and oubehavior in devices from three distinct wafers. The power
device is behaving as a simple parallel plate capacitor. Figurkaw dependence in the low-density regime is indicative of
2(b) displays the sheet resistance of our device as a functiomobility limited by Coulomb scattering from charged de-
of 2DEG density aff=0.3 K. fects. This behavior is well known in the study of
The density dependence of mobility &t=0.3 K is AlGaAs/GaAs structuréd'*and can be qualitatively under-
shown on a log—log plot in Fig. 3. The mobility exhibits stood by the following simple model. The 2DEG mobility is
three distinct regions. At low electron density, the mobility most sensitive to scattering events that deflect charge signifi-
rapidly increases for increasing density. The mobility peaksantly out of the current path. Since we are considering elas-
tic scattering on the Fermi circle in two dimensions, the mo-
bility is most affected by large angle scattering across the
Fermi circle. The improved mobility at higher density can be
attributed to the increase in the Fermi wave vectiy
:v’?nf_) that accompanies the rise in 2DEG density. For a
given scattering wave vectars established by the spatial
configuration of the Coulomb scattering sites, the angle
through which the electron is scattered decreases with in-
creasingkg, and thus, the mobility is increased. Evidently,
the peak in mobility of 80 000 cfdV s at 1.7x 10'2 cmi 2
represents the point at which the improvement in mobility
due to an increasing Fermi wave vector is counteracted by
the increase in alloy scattering.
Jenaet al® evaluated the mobility limit due solely to
10000 L R ST g b charged dislocation scattering and predicted approximate
10" 10" n2/Ngs dependence, whetldy is the areal density of dis-
electron density (om”) locations. Clearly the predicted differs from what is mea-
sured experimentally at lower densities. In fact, the calcu-
FIG. 3. (Color) Mpbility at T=0:3 K solid black curve is the experimentally | 5ta( exponentt~3/2 does depend on the ratio gf; to
measured mobility as a_functlon of ZDEG _denS|ty fromxl_ol1 to ~2 2ke wh is the Th _F . . b
X 10 cmi 2. For comparison, the red line displays the functiop~n2© at F WNEeregre IS th€ Thomas—rermi screening wave number.
low density and the blue line represenis~n;-% in the high-density re- ~ Orr=2/ag Whereag is the effective Bohr radius in GaN. For
gime. The open black squares are calculated frgm 1/(u+ u5Y). the very low densities studied in our experiment, simple con-
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siderations show that will be reduced tow~ 1.1 if ng~5 oL T T
X 10* cm™?, bringing « closer to the experimentally mea- V =-3V: 5.0x10"cm?
sured value. In a later work Jeeaal® considered scattering ’
from all five mechanisms and concluded that at low densi-
ties, Ne<<1x10% cm?, dislocation scattering is the domi-
nant scattering process for a dislocation density ~a

X 108 cm™2 in which 35% of the dislocation trap sites are
occupied. They predicted a maximum mobility of
~75 000 cmd/V s at a densityn,~ 1.5X 10*? cm?>—a re-
sult similar to our experimental finding. These calculatfohs
and our observed power law dependence suggest that dislc
cation scattering dominates the low temperature mobility in V =-1V: 9.8x10"cm™

"o

2| .

V,=-2v: 7.3x10"'em”

R_ (arb units )

0

our low-density samples. On the other hand, Hual® v=4
evaluated the mobility limit due to unintentional background
impurities, charged surface state scattering, and alloy scatter 0 — ; : ; . é . 1'0 . 1'2 . 1'4

ing withoutincluding the effects of dislocations. The explicit
density dependence of mobility is not considered, but they
do calculate thaE a maXIm,um mobility of 10° cn?/V s _at FIG. 4. Longitudinal magnetoresistané¥,, as a function of magnetic field
ne=1.8x 10" cm 2 is possible for a heterostructure with a 4 three different gate voltages. All data are takea0.3 K. The filling

15 nm Al Gay g\ barrie — a result that is also not sig- factor of several principle integer quantum Hall states is indicated. The two
nificantly different from our measurement. The magnitude oflower density traces are offset from zero for clarity.

the maximum calculated mobility will, of course, depend

sensitively on the background impurity concentration choserf 1.75x 102 cm™. The data are consistent with mobility
and the distance from the 2DEG to the surface used in thémited by dislocation scattering at low electron density
calculation. While the alloy composition and the surface to(Ne<1.0X 10'2 cm™).

2DEG distance is similar to ours, the authors used a residual One of the authorgM.J.M) thanks S. Simon, H. L.

- . 6 . 3 )
n-type background doping of 5x 10°° cmi™® and a residual Stormer, D. Jena, and L. N. Pfeiffer for many insightful con-

i 5om3 Gi i
acceptor concentration of 26610 cm™. Given our previ versations. The Lincoln Laboratory portion of this work was

ggﬁge;tergzgﬁdmze%seug?/rgrejsﬁ]rﬁafggsbeng'té F::?o'rrggulfg% an ponsored by the Office of Naval Research under Air Force
y y ontract No. F19628-00-C-0002. Opinions, interpretations,

}2) isgreement between experiment and theory may be fort%bnclusions and recommendations are those of the authors

Figure 4 displays the longitudinal magnetoresistance?nd not necessarily endorsed by the United States Air Force.
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