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High-conductivity two-dimensional electron gases at AIN/GaN heterojunctions are reported. The
sheet densities can be tuned from ~5 X 10'2/cm? to ~5 X 10'3/cm? by varying the AIN thickness
from 2 to 7 nm. A critical thickness is observed beyond which biaxial strain relaxation and cracking
of AIN occur, and a degradation of carrier mobility is seen to occur at extremely high sheet densities.
A high-mobility window is identified, within which room-temperature mobility exceeding
1000 cm?/V s. and sheet densities in the (1-3) X 10'3/cm? are obtained, yielding record low sheet
resistances in the range of ~170 /. Interface roughness scattering and strain relaxation are
identified as the factors preventing lower sheet resistances at present. © 2007 American Institute of

Physics. [DOI: 10.1063/1.2736207]

Ultrathin AIN layers grown on GaN have been of great
interest recently for a number of applications. AIN layers,
when inserted at strained AlGaN/GaN and lattice-matched
AlInN/GaN heterojunctions, have been observed to improve
the mobility of two-dimensional electron gases (2DEGs) by
removing alloy scattering.l’2 Owing to the large conduction
band offset between AIN and GaN, the high-field character-
istics of high-electron-mobility transistors (HEMTSs) are also
improved due to the prevention of real-space transfer of elec-
trons from the channel into the barrier region and/or higher
satellite valleys in the barrier which have lower effective
masses. In addition to obvious applications in high transcon-
ductance, low threshold voltage HEMTs, ™ the high-density,
high-mobility 2DEGs at ultrashallow single AIN/GaN het-
erojunctions can enable a variety of devices such as high-
performance transparent biosensors, plasma-wave terahertz
emitters, and other applications where a highly conductive
channel buried a few nanometers under the surface is desir-
able. AIN/GaN superlattices can be used for intersubband
infrared detectors and, if the period is sufficiently short so as
to form minibands, can be used as “digital alloys” for en-
hancing the vertical carrier transport for both electrons and
holes in ultraviolet emitters and detectors.®

Few reports exist on the growth of ultrashallow (few
nanometers) pseudomorphic single AIN/GaN
heterojunctions.“f9 Strain relaxation in AIN/GaN structures
has been studied by some groups.lo_'3 The deterioration of
the transport properties caused by such relaxation in
AIN/GaN (Refs. 8 and 12) has also been reported. However,
a systematic study of the dependence of the critical AIN
thickness, the 2DEG sheet density, and mobility on the thick-
ness of the AIN barrier layer is still lacking. In light of the
many applications outlined, such a systematic study is highly
desirable and is the subject of this letter.

All growths of the AIN/GaN heterojunctions studied
here were performed by molecular beam epitaxy in a Veeco
Gen 930 system on semi-insulating GaN templates on sap-
phire. All growths were performed under metal rich condi-
tions, with the Ga flux of ~1077 torr for the GaN layers and
the Al flux of ~4X 1078 torr for the AIN layers. The Ga
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shutter was kept open during the growth of AIN layers to
enhance the diffusivity of Al adatoms on the surface. Both
the GaN buffer layers and the AIN layers were grown at
800 °C. Active N, was supplied through a Veeco rf source,
with a plasma power of 150 W. The structures comprised of
an ~143-nm-thick undoped GaN buffer layer, followed by
an ultrathin AIN cap, the thickness of which was varied be-
tween 1.0 and 8.0 nm. The growth rate was measured to be
86.4 nm/h—it was calibrated by a high-resolution x-ray dif-
fraction measurement for a nine-period 4.6 nm/56.0 nm
AIN/GaN multiple quantum well calibration structure. The
thicknesses and the growth rate were calibrated by fitting the
measured data to a simulation. A Hall measurement of this
calibration sample yielded a mobility of ~1200 cm?/V s at
room temperature and ~5380 cm?/V s at 77 K with a total
sheet carrier density of ~9 X 10'* cm™, indicating the pres-
ence of multiple layers of high-mobility 2DEGs, as can be
expected due to the very strong polarization. For the rest of
the letter, we discuss the single AIN/GaN heterojunctions.
The misfit strain in an AIN layer coherently strained on
GaN is €~2.4%. Using a simple (Blanc’s) estimate for the
critical thickness of AIN on GaN, one gets 7,~b,/2€
~6.5 nm (here, b,=0.3189 nm is the length of the Burgers
vector).'* Figure 1 shows the surface morphologies of the
AIN surface around this expected critical thickness as mea-
sured by atomic force microscopy (AFM). For t=1-6 nm,
the surfaces are smooth (rms roughness <0.4 nm) and ex-
hibit atomic steps, indicating high-quality growth. Faintly
discernible cracks appear for 1~ 7 nm, whereas very clearly

resolved cracks along the hexagonal [1120] axes are seen for
t=8 nm. Each crack line can be observed to intersect with a

lpm

>V_78nm AIN =

7nm AIN

FIG. 1. (Color online) AFM images showing 2 X2 um? scans of the AIN
surfaces after growth.
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FIG. 2. (Color online) (a) Dependence of the 2DEG density measured at
room temperature and 77 K on the AIN thickness, along with calculated
curves considering strain-induced band gap shrinkage (red line) and band-
gap-shrinkage-free AIN (blue line); (b) mobilities measured at room tem-
perature and 77 K with different AIN thicknesses. Inset: variation of sheet
resistance with AIN thickness from 2.0 to 7.0 nm.

bright spot in the AFM image, indicating that the cracks
nucleate at the tips of threading dislocations and propagate
along a cleavage plane. For the rest of this work, the discus-
sion would be limited to the electronic properties of
AIN/GaN with =<7 nm. The effect of strain relaxation on
the mobility of the 2DEG electrons is rather severe, as is
presented later in this work.

Ohmic contacts were formed for the AIN/GaN hetero-
junctions in the van der Pauw geometry. Hall measurements
were performed for all the samples at room temperature and
at 77 K. The results are shown in Fig. 2. The 77 K 2DEG
charge sheet density increases from ~5X10'2/cm? to
~5.5X10"3/cm? as the AIN barrier thickness is increased
from =2 to 7 nm. The measured sheet density approaches
the highest density possible due to the difference in the
(spontaneous + piezoelectric) polarization between AIN and
GaN at large AIN thicknesses close to the critical thickness,
as shown in Fig. 2(a). The measured RT electron mobility is
~1200 cm?/V's for AIN thicknesses between 2.4 and
4.0 nm and decreases at both smaller and larger values, as
shown in Fig. 2(b). The 77 K mobility is higher than
~5000 cm?/V s for the same samples that exhibit high RT
mobility. The 3.5 nm AIN sample gave mobilities of
1213 cm?/V's at room temperature and 5032 cm?/V's at
77 K. The effective sheet resistance for the 2DEGs in this
“high-mobility window” is lower than 200 Q/[J, in the
range of 170 2/, as shown in the inset. These are the
lowest sheet resistances reported to date in the III-V nitride
system and can prove to be highly attractive for the reduction
of parasitic resistances in high-speed HEMT design. The
measured electronic and transport properties of these very
high-conductivity 2DEGs are analyzed using theoretical
models and further transport measurements in the rest of this
letter.

The electronic properties of the heterostructures were
modeled using a self-consistent Poisson-Schrodinger
solver.”” The conduction band diagrams for various AIN
thicknesses are shown in Figs. 3(a)-3(d), along with the
2DEG spatial distribution. For metal-AIN Schottky, barrier
heights around 3 eV have been reported in the literature both
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FIG. 3. (Color online) Self-consistent Poisson-Schrédinger simulation for
band diagram and 2DEG distributions at the AIN/GaN heterojunctions: the
band gap of AIN used in (a) and (b) is the complete unstrained gap (6.2 eV),
whereas for (c) and (d), the band gap shrinkage due to biaxial strain is taken
into account. Inset: plot of the distance (in nm) between the centroid of the
2DEG distribution and the AIN/GaN interface as a function of the AIN
thickness (in nm). (c) and (d) can much better explain the experimental data
in Figure 2(a).

theoretically and experimentally.](Hg A free-surface barrier
height of 3.0 eV was used in the calculation, since we find
that a barrier height less than 2 eV results in much higher
sheet densities than what we measure. When the AIN thick-
ness increases, the triangular quantum well at the heterojunc-
tion becomes deeper with respect to the Fermi level due to
the polarization-induced electric field in the barrier. The
2DEG density increases as a result. However, the spread of
the electron distribution gets narrower with increasing den-
sity, and the electron gas is electrostatically pushed closer to
the AIN/GaN interface. It should also be pointed out that
using the conduction band offset between unstrained AIN
and GaN (AE-=2.1 eV) in the model systematically overes-
timates the 2DEG sheet density, as shown in Fig. 2(a). Since
the pseudomorphic AIN layer experiences a biaxial tensile
strain, the band gap shrinks, as does the conduction band
offset. By using the reduced conduction band offset via the
deformation potential of AlN,19 the self-consistent theoretical
model can much better account for the measured sheet den-
sities, as shown in Figs. 3(c), 3(d), and 2(a). The sheet den-
sity increases at the onset of relaxation of the AIN layer. This
may be partially attributed to the increase in the band offset
due to the removal of strain or nonlinear polarization
coefficients.” However, the relaxation of AIN also leads to a
loss of the piezoelectric charge; therefore, more analysis is
necessary to explain this phenomenon.

The transport properties of the high-density 2DEGs are
plotted in Fig. 4. Part (a) shows the RT and 77 K mobilities
as a function of the 2DEG sheet density. Along with the
mobility data reported in this work, the highest mobilities
reported earlier in AIN/GaN heterojunctions by Smorchkova
et al.® are also shown for comparison. The drop in the mo-
bility for the lowest sheet density samples is possibly due to
strong remote Coulombic scattering from charged surface
states, since the AIN thickness for this structure is only 2 nm.
Coulombic scattering is exacerbated by the weak screening
by the low sheet density. However, the decrease in mobility
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FIG. 4. (Color online) (a) Variation of mobility with 2DEG density in our
work (circles), compared with that in Ref. 8 (squares); (b) temperature-
dependent Hall data of single AIN/GaN heterojunction with the thickness of
4.0 nm (circles). With the theoretical transport model, mobility is found to
be limited by IR scattering at low temperature and polar optical phonons at
high temperature.

for the high sheet density samples defines the limits of the
maximum RT conductivities attainable in III-V nitride het-
erostructures. If the scattering mechanisms that are dominant
for high-density 2DEGs can be identified, it will guide the
modifications to the growth and/or the layer structure that
will be necessary to improve the conductivity further. To
precisely determine the scattering processes that result in
such behavior, temperature-dependent Hall measurements
were performed for the 4 nm AIN/GaN heterojunction. The
Hall measurements were performed by loading the sample
into a closed-cycle He cryostat, and the temperature was var-
ied between 10 and 300 K. The experimental results are
shown in Fig. 4(b), along with the results of a theoretical
model.

The mobility increases monotonically as temperature is
lowered, which is the signature of absence of strong Cou-
lombic scattering. Coulombic scattering can occur due to
charged dislocations (Ng~ 10°/cm?), remote (surface)
charged states (nys~n, by charge neutrality), and back-
ground charged impurities (N, ~ 10'®/cm?). All these scat-
tering events were included in the model but were found to
be much weaker and insignificant than those that are shown
in the figure. At room temperature, expectedly, scattering
from polar optical phonons dominates over all other scatter-
ing mechanisms in a reasonably clean 2DEG. Since alloy
scattering is forbidden in an all-binary AIN/GaN heterojunc-
tion, interface roughness (IR) scattering is found to be domi-
nant at low temperatures. The theoretical model used here
assumes a roughness of 0.25 nm in the growth direction cor-
responding to half a unit cell and 1.25 nm in the lateral di-
rection; these numbers are found to be characteristic of most
MI-V nitride heterojunctions21 and can describe the measured
mobility data reasonably well. As the inserted plot in Fig.
3(d) shows, the thicker the AIN barrier, the closer the cen-
troid of the electron distribution shifts to the interface. This
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implies that a thicker AIN leads to a more severe IR scatter-
ing. The calculated 2DEG distribution in Fig. 3(d) can be
used to describe the measured degradation of mobility at
high sheet densities [Fig. 4(a)] quantitatively. Such a treat-
ment is deferred to a later work. As the AIN barrier reaches
its critical thickness, additional scattering sources are created
due to strain relaxation. The major conclusion from the the-
oretical model is that if the growth conditions can be modi-
fied to reduce the roughness of the AIN/GaN interface, even
higher electron mobilities are possible in the narrow high-
mobility window found here.

In conclusion, a high-mobility window for all-binary
AIN/GaN heterojunction 2DEGs is observed. Record low
sheet resistances are found in these heterostructures, and the
primary scattering mechanisms limiting the conductivity are
identified as due to structural defects due to interface rough-
ness, strain relaxation, and polar optical phonon scattering.
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