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Record-low sheet-resistance of ~ 128 Q/sq have been obtained in two-dimensional electron gases at
ultrathin single AIN/GaN heterojunctions by optimizing the metal fluxes used in molecular beam epitaxy
growth. Multiple 2DEGs have been found in AIN/GaN superlattices, with the net electron density
measured > 1 x 10" cm~2 at room temperature. This very high electron density also leads to a further
lowering of sheet resistance to values far below what is achievable in single nitride heterojunctions. These
low resistance channels are induced entirely by polarization in nominally undoped heterostructures, and
are attractive for various device applications such as high speed transistors and intersubband detectors.

Published by Elsevier B.V.

1. Introduction

It has been shown that at single AIN/GaN heterojunctions, two-
dimensional electron gases (2DEGs) with sheet densities up to
~ 6 x 10" /cm? are achievable, with the sheet resistance as low as
150 Q/sq [1,2]. High electron mobility transistors (HEMTs) fabri-
cated with such structures have shown high current densities more
than 2.3 A/mm and transconductances up to 480 mS/mm [3].
Buffer leakage problems in such HEMTs have also been solved
using ultrathin AIN back-barriers [4]. These results have shown
that AIN/GaN heterojunctions are promising to push the perfor-
mance of GaN HEMTs into a new level which the traditional
AlGaN/GaN HEMTs are not able to reach.

When grown lattice-matched to GaN, the AIN barrier has to
be thinner than 5 nm to avoid strain relaxation [5]. An improved
AIN/GaN interface has been proven to be important to achieve high
2DEG mobility and hence lower the sheet resistance [1]. These
requirements sensitively depend on the MBE growth conditions.
We find that the metal fluxes used in MBE growths showed
important effects on the 2DEG transport properties in both single
and multiple AIN/GaN heterojunctions. By optimizing the metal
fluxes, a record-low sheet resistance of ~ 128 Q/sq has been
achieved in single as-grown AIN/GaN heterojunctions. Using
the optimal fluxes found for single AIN/GaN heterojunctions,
high-mobility 2DEGs are found in AIN/GaN multiple quantum
wells (MQWs). The details of these findings are discussed in
this paper.
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2. Single AIN/GaN heterojunctions

The AIN/GaN heterojunctions studied here were grown by MBE in
a Veeco Gen 930 system on Fe-doped semi-insulating 1 x 1 cm? GaN
templates prepared by metalorganic chemical vapor deposition
(MOCVD) on sapphire. Active N, was supplied through a Veeco RF
plasma source with the plasma power of 275 W, which yielded a
growth rate of ~ 210 nm/h. The N, pressure at the substrate position
was kept constant at ~ 2 x 107> Torr which provided the nitrogen
flux Fy <1.5 x 107 Torr. The Ga and Al fluxes were kept at Fgq
~1.55 x 1077 Torr and Fy~ 1.50 x 1077 Torr separately. These
metal fluxes guaranteed the growths were performed in the metal-
rich regime.

Although a thin AIN back barrier grown in N-rich regime can
effective remove the parasitic channel at the regrowth interface [4],
to make a consistent study of metal flux effect on transport
properties, the same growth procedure was performed as those
in previous report [1,5]. Ga was deposited on the substrate for 10 s
(~2 MLs) at a substrate thermocouple temperature T, = 600 °C.
Then the nitrogen shutter was opened, and T, was linearly ramped
up to 660 °C in 3 min. The following GaN buffer layer and AIN
barrier were grown at T, = 660 °C. Ga was used as surfactant during
AIN barrier growth. The substrate was rotated at 30 rpm to enhance
the uniformity of the grown epilayers. The 1 x 1 cm? samples were
mounted on 3-in double-side lapped silicon wafers with indium.
The thickness of the lapped silicon wafers varies between
500 and 700 pm, which is not uniform. Since the silicon wafer
locates between the thermocouple and the GaN template during
growth, the real growth temperature changes with the silicon
wafer thickness. To make the results more conclusive, optimization
has to be done based on statistical results. Four samples were
grown at each flux setting. In this way, the effect of silicon wafer
thickness and mounting with indium can be partially excluded.
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To investigate the effect of the metal fluxes on the 2DEG
transport properties in single AIN/GaN heterojunctions, the Al
and Ga fluxes were varied alternately. One metal flux was changed
over arange of ~ 2 x 1078 Torr with the other metal flux fixed, and
this iteration swapped. Iterations continued until the saddle points
for lowest sheet resistance for Ga and Al fluxes were found. After
each growth, Hall-effect measurements were performed at room
temperature and 77 K. Fixing one metal flux at the value where the
lowest sheet resistance was achieved, the other metal flux was
changed in the given range again, followed by the Hall-effect
measurements. After several iterations, we were able to find the
saddle point of the sheet resistance with the optimized Al and Ga
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fluxes of Fy ~ 1.50 x 10~ Torr and Fg, ~ 1.61 x 1077 Torr. Fig. 1(a)
shows the RT sheet resistance dependence on the Ga flux at a fixed Al
flux, indicating an optimized Ga flux Fg, ~ 1.61 x 10~/ Torr. Fig. 1(b)
shows that the optimized Al flux to be Fy ~ 1.50 x 10~/ Torr. This
improvement in growth directly lead to improved transport properties
shown in Fig. 2(a) and (b), compared with our previous report [1,5]. The
highest mobility achieved with optimized fluxes is ~ 1900 cm?/Vs
at RT and ~ 8000 cm?/Vs at 77 K for an AIN barrier thickness of
~ 2.3 nm, with a 2DEG density of 1.1 x 10'*> cm~2 at RT. As Fig. 3
indicates, the lowest RT sheet resistance achieved is 128.6 Q/0,
with a 3.5 nm AIN cap. This is the lowest sheet resistance reported
todate in 2DEGs in as-grown III-V nitride heterojunctions, and is highly
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Fig. 1. The sheet resistance measured at RT with (a) different Ga flux and (a) different Al flux.
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Fig. 2. With flux optimization, the enhancement in the (a) RT and (b) 77 K mobility is shown compared to previous reported values. This growth improvement lead to the
record-low sheet resistance in all reported as-grown nitride HEMTs, which is shown in (c) where the sheet resistance is plotted against the 2DEG density.
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Fig. 3. With flux optimization, record-low sheet resistance is achieved in as-grown
AIN/GaN HEMT structures.

attractive for the reduction of parasitic access resistances in high-speed
HEMT design. Hall-effect measurements made on this sample showed
a 2DEG mobility of 1513 cm?/Vs at RT and 5655 cm?/Vs at 77 K, with
the 2DEG density of 3.21 x 10'> cm~2 at RT and 2.81 x 10" em~2 at
77 K, respectively. To our knowledge, the lowest sheet resistance
reported in AlGaN/GaN heterostructures is ~250Q/0 [6] and
182 Q/0 in InAIN/AIN/GaN system [7]. A lower sheet resistance of
172 Q/0O was achieved with AIN/GaN superlattices (SLs) [8]. In the
GaN/AIN/GaN heterostructures, the sheet resistance reported is as low
as ~140Q/0 [2].

As discussed in our previous report [5], the RT mobility of the
2DEGs in these samples is determined by the combination of polar
optical phonon (POP) scattering, acoustic phonon (AP) scattering,
and interface roughness (IR) scattering. At RT, though POP scatter-
ing is the dominant mechanism, IR scattering and AP scattering
have a measurable effect. At 77 K, the POP and AP scattering are
negligible, and the effect of IR scattering can be clearly identified.
By optimizing the metal fluxes, the AIN/GaN heterointerface was
improved and electrons suffer less IR scattering, leading to an
enhancement of the 2DEG transport properties.

3. Multiple AIN/GaN heterojunctions

In [(AIN),|(GaN),]y multiple quantum wells (MQWs), where a
and b refer to the thickness of AIN and GaN, respectively, and N is
the number of periods, more than one 2DEG can exist between
AIN/GaN heterojunctions [10]. Although ohmic contacts and gate

modulation might be a concern for using such multiple hetero-
junctions in traditional HEMT layout, it is attractive for nanowire-
based electronic devices with wrapped gates to achieve high-speed
performance and good gate modulation. Intersubband detector is
also one attractive application.

An[(AIN),|(GaN),]; MQW sample was grown with N = 7 periods
with a=2.6 nm and b=552nm, and used for transmission
electron microscopy (TEM) study. The cross-section TEM sample
was prepared by mechanical wedge polishing at 2°, followed by
ion-milling at 2 keV. TEM imaging was performed on a JEOL 2010
system with 200 kV accelerating voltage. Fig. 4(a) shows sharp
AIN/GaN heterointerfaces. As Sang et al. pointed out, multiple
interfaces in MQWs are efficient in terminating threading disloca-
tions (TDs) [11]. Fig. 4(b) shows that a TD is terminated at the first
AIN/GaN heterointerface.

The net in-plane sheet carrier density can be much higher in a
MQW structure than that achievable from single heterojunctions if
multiple 2DEGs are formed. To test this, a series of [(AIN),|(GaN),]y
MQW samples were grown by MBE with N varying from 1 to 6. The
structure in each period has a=2.6 nm AIN and b =30 nm GaN.
The carrier concentrations were measured by Hall-effect measure-
ments. Except the discrepancy with 5 periods, the net measured
sheet carrier concentration increases with N, as shown in Fig. 5(b).
The energy band diagram simulated by 1D Poisson [9] is shown in
the insert of Fig. 5, indicating that conducting channels exist in each
period. In Fig. 5(b), The measured 2DEG mobility decreases with
increasing the period number, in agreement with a previous report
[10]. The degradation of 2DEG mobility can be due to excessive Ga
metal. The Ga shutter was open during the growth of the AIN layer.
Ga atoms only served as surfactants and did not enter alloy.
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growth
direction
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GaN 55.2 nm

Fig. 4. In AIN/GaN SLs, (a) the TEM lattice image showed sharp interfaces between
AIN/GaN. (b) The bright field image shows one threading dislocation is terminated at
the first AIN/GaN heterointerface.
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Fig. 5. Multiple 2DEGs were found in the AIN/GaN SLs with (a) the total 2DEG
density and (b) 2DEGs mobility at RT and 77 K plotted against the period number N.
The insert in (a) shows the band diagram of a 6-period AIN/GaN MQWs.

Therefore, Ga metal will keep accumulating on the sample surface
after each period, leading to the degradation of 2DEG transport
properties of the 2DEGs in the QWSs nearer to the surface, as
indicated by the results in Fig. 1(a).

To reduce the Ga accumulation on the surface, a lower Ga flux is
desired. A 9 period AIN/GaN MQWs was grown with a lower RF
power of 150 W, at a growth rate ~ 156 nm/h. The Ga and Al fluxes
were lowered to Fgq ~ 1.02 x 1077 Torr and Fy ~ 4.16 x 1078 Torr.
To prevent Ga accumulation, a higher substrate temperature is also
desired to reduce the Ga accumulation during the growth of AIN
layers. The sample was mounted In-free. The substrate heater was
directly behind the sample. Tungsten was deposited on the back of
the sample to enhance the thermal uniformity. In this way, higher
substrate temperature can be achieved without worrying the
sample to slide off the silicon wafer. The thermocouple tempera-
ture used for this growth was Ty ~ 800 °C, providing the same
substrate temperature as Trc ~ 680 °C under the indium-mounted
condition.

The signature of multiple AIN/GaN heterojunctions can be directly
found by X-ray diffraction (XRD) measurement. Fig. 6(a) shows the XRD
spectra for a 9 period AIN/GaN MQW structure. The well-defined and
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Fig. 6. (a) Measured and calculated (00 2) GaN X-ray diffraction spectrum for a
9-period AIN/GaN SLs with (b) the SLs band diagram, and (c) electron and hole
distribution plotted.

sharp peaks were caused by the interference at different AIN/GaN
heterointerfaces. By fitting the measured data to a simulation, the
thicknesses of AIN and GaN were extracted to be a =4.6 nm and
b =56 nm in each period. In the band diagram, shown in Fig. 6(b), the
valence band of GaN reaches the Fermi level at the AIN/GaN interface,
indicating both 2DEGs and two dimension hole gases (2DHGs) can be
formed in the MQWs. Fig. 6(c) shows the simulated distribution of
2DEGs and 2DHGs along the growth direction. By Hall-effect measure-
ment, the measured sheet charge density is 1.08 x 10" cm~2 with a
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enhanced RT mobility of 1567 cm?/Vs. These 2DEGs and 2DHGs are
spatially separated, and lateral sheet resistance R, is as low as 37 Q/sq
at room temperature, whereas vertical resistances are expected to be
high due to the AIN barriers. The electron charges at the top AIN/GaN
heterointerface are partially from the surface according to charge
transfer theory. When holes are generated due to the polarization field
at the AIN/GaN heterointerfaces deeper into the structure from the
surface, the electrons move to the conduction band, and thus the
valence band becomes the source of electrons. With the presented date,
itis hard to conclude whether the holes are trapped or mobile. Heikman
et al. reported that in periodic Alg>,GaN/GaN structures by introducing
heavily doped graded AlGaN layers, the AlGaN barrier height can be
efficiently lowered [12]. In AIN/GaN MQWs, the conduction band offset
AE. between AIN and GaN is much larger compared to that in AIGaN/
GaN MQWs. It may prove difficult to achieve high vertical conductivity
due to the high AE.. For device application, further study is needed to
enhance the vertical conductivity.

4. Conclusion

The effect of metal flux on 2DEG transport properties in single and
multiple MBE-grown AIN/GaN heterojunctions was studied. With the
optimized metal fluxes, record-low sheet resistance (~ 128 Q/sq)
was obtained in an as-grown single AIN/GaN heterostructure. Hall

measurement results showed that multiple 2DEGs existed in the
AIN/GaN MQWs. It is possible to have both 2DEGs and 2DHGs
existing in the AIN/GaN MQWs. The multiple 2DEG channels provide
very low lateral sheet resistance ~ 37 Q at room temperature.
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