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Two-dimensional electron gas transport properties have been investigated in nitride
double-heterostructures. A striking effect has been observed that the two-dimensional
electron gas mobility has been drastically enhanced in the AlGaN/GaN/AlGaN double-
heterostructure, compared with that in the conventional AlGaN/GaN single-
heterostructure. The observed mobility enhancement has been shown to be mainly due to
the enhanced polarization-induced electron confinement in the double-heterostructure, and
additionally due to the improvement of the interface roughness in the structure. Device
operation of an AlGaN/GaN/AlIGaN double-heterostructure field effect transistor has been
demonstrated: a maximum transconductance of 180 mS/mm has been obtained for a 0.4
pm-gate-length device. In the double-heterostructure using InGaN channel, the increased
capacity for the two-dimensional electron gas has been observed. The
AlGaN/(In)GaN/AlGaN double-heterogtructures are effective for improving the electron
transport properties.

INTRODUCTION

AlGaN/GaN heterogtructure field effect transistors (HFETS) have recently been
attracting much attention because of their promising uses for high-voltage, high-power,
and high-temperature microwave applications [1-7]. Improving device performances
requires an understanding of how we can increase the mobility and the density of the two-
dimensional electron gas (2DEG) in this material system. Desirable designs of
heterostructures should be investigated for superior transport properties.

In nitride heterostructures with wurtzite crystal structures in (0001) orientation, there
exist strong polarization effects, i.e., (i) the piezoelectric polarization effect which
depends on the lattice strain [8], and (ii) the spontaneous polarization effect which is
determined by the constituent materials of the heterostructure [11]. These polarization
effects largely influence the electrical properties in the heterostructures such as the
potential profile and the electron density [8-16].

The 2DEG transport properties in nitride double-heterostructure field effect
transistors (DH-FETS) are very interesting, because influence of the polarization effects
should be enhanced in DH-FETs, compared with that in conventional single-
heterostructure field effect transistors (SH-FETS). In SH-FETSs, only the positive
polarization charges emerge at one heterointerface; on the other hand, positive and
negative polarization charges emerge at two heterointerfaces in DH-FETS, so that the
electric field in the channel should be increased in DH-FETSs. In this paper, we report on
the 2DEG transport properties in DH-FETs and clarify their differences from those in SH-
FETs. We propose AlGaN/(In)GaN/AlGaN DH-FETs are effective in enhancing the
2DEG confinement due to the polarization effects, and furthermore effective in increasing
the 2DEG mobility.
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EXPERIMENTAL DETAILSAND DISCUSSION

Comparison of GaN DH and GaN SH

To examine the influence of the enhanced polarization effects in DH-FETSs on the
transport properties, we have fabricated both conventional AlGaN/GaN SH-FETs and
AlGaN/GaN/AlIGaN DH-FETSs, and have compared their electrical properties.

The sample structures of (&) conventional GaN SH-FETs and (b) GaN DH-FETs are
(a) A|01563085N (300 A) /GaN (1|J.m), and (b) Ad15Ga)85N (300 A) /GaN (200 A)
IAl15GagsN (1000 A), respectively. The samples were grown on SiC(0001) substrates
using AIN buffer layers by metalorganic vapor-phase epitaxy (MOVPE) at 300 Torr. In all
samples, only the surface-side 300 A4 AGagsN barrier layers were uniformly doped
with Si.

We have performed Van der Pauw Hall effect measurements on the GaN SH- and
GaN DH-FET samples, both of which are doped with the same Si doping concentration of
4x10"® cm®. Figure 1 shows the temperature dependencies of the 2DEG mobility and the
2DEG density from 20 to 380 K in the two samples. The striking feature shown in Fig. 1
is a drastic increase in the 2DEG mobility in the DH-FET sample. The 2DEG mobility in
DH-FET reaches 8900 éfivs at 20 K, whereas that in SH-FET reaches 4608\sn
The 2DEG densities at 20 K in DH- and SH-FET samples are 6%at0 7.5x1& cm?,
respectively. This difference in the 2DEG density is not so large as to explain the
observed large difference in the 2DEG mobility. Hence, the observed mobility
enhancement in DH-FET is a unique phenomenon specific to nitride HFETS.

To clarify the dependencies of the 2DEG mobility on the 2DEG density in DH- and
SH-FETs, we have performed Hall effect measurements under the gate-voltage
application. In this experiment, we have used DH- and SH-FET samples with the Si
doping concentration of 5X¥bcm?®. The grown structures were mesa-etched to form a
400X400un? rectangular Van der Pauw geometry device, by using low-damage reactive
ion etching (RIE) technique using chlorine-nitrogen mixed plasma [17]. The Al/Au ohmic
metals were deposited on the corners of the rectangular mesa structure, and the Ni/Au
Schottky gate metals was deposited on almost all the area of the device except for the
ohmic terminals.
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Figurel Temperature dependencies of 2DEG nohility and density
inGaN $H- and DH-FETs.
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Figure 2. Dependenciesof 2DEG mobility on 2DEG density
in GaN $H- and DH-FETs

For the above devices, we have performed Hall effect measurement at 4.2 K under
the gate voltage (V) application. The Vg was stepped from 0 to —2.5 V in -0.25 V
increments. In this Y region, the 2DEG density has shown to be almost linearly
controlled by \ both in DH- and SH-FET samples.

Figure 2 shows the dependence of the 2DEG mobility on the 2DEG density in the
DH- and SH-FET samples at 4.2 K. One feature observed in Fig. 2 is that the 2DEG
mobility in DH-FET is larger than that in SH-FET. The enhancement in the mobility is
very large especially at low 2DEG densities, which is consistent with the result shown in
Fig. 1. Another feature observed in Fig. 2 is the shift of the 2DEG mobility peak position.
In SH-FET, the maximum 2DEG mobility of 5700 ¥Ns is obtained at 9.0X1Hcm?;
whereas in DH-FET, the maximum mobility of 8100%\s is obtained at a lower 2DEG
density of 6.8X1& cm®.
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Figure 3. Potential profiles and 2DEG di gributionsin GaN SH- and DH-FETSs.
The2DEG di nsityis6.OX1012 cm2 in both structures The Al compostion is 0.15.
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To clarify the mechanism of the mobility enhancement in DH-FET, we have
calculated the potential profiles and 2DEG distributions both in the SH- and DH-FETs by
self-consistently solving the Schrodinger and Poisson’s equations. Both piezoelectric and
spontaneous polarization effects have been taken into account. Figure 3 shows the result
calculated for the same 2DEG concentration of 6Xt@ri2. The 2DEG confinement is
enhanced in DH-FET due to the enhanced electric field in the DH channel. Thus, the
strongly confined 2DEG and the increased electron concentration in DH-FET lead to
enhance the 2DEG mobility, as the resul{ipthe enhanced screening effect against the
ionized impurity scattering both in the channel and from the barrier layer, and (ii) the
enhanced screening effect against the piezoel ectric scattering in the channel. Figure 3 also
explains why the 2DEG mobility in DH-FET assumes the maximum value at a lower
2DEG density. In DH-FET, the energy barrier height of the surface-side AlGaN layer is
shown to be lower as the result of the enhanced electric field in the DH channel. Hence,
electrons overflow into the AlGaN layer at the lower critical 2DEG density where the
2DEG mobility assumes the maximum value. This circumstance is ascribed to the feature
mentioned above.

The observed features in Fig. 2 can be thus explained by the enhanced 2DEG
confinement effect in DH-FET. However, we presume that some additional mechanisms
should also have contributed to the mobility enhancement, since the observed
enhancement is very large. We suppose that the improvement of the interface roughness in
DH-FETs should have additionally contributed to the mobility enhancement, because
surface morphology is observed to be improved in DH-FETSs.

We demonstrate device operation of a GaN. The mesa isolation of the devices was
performed by RIE. Ti/AlI/Ti/Au and Ni/Au layers were used as the ohmic and Schottky
metals, respectively. The gate length and width of the fabricated DH-FET were 0.4 and 20
pum, respectively. Figure 4 shows the |-V characteristics of the device. The maximum
transconductance gy was estimated to be 180 mS/mm. It should be noted that sufficient
pinch-off characteristics have been obtained even in DH-FETs.
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Comparison of InGaN DH and GaN DH

It is of great interest in nitride DH-FETSs to use InGaN channels instead of GaN
channels, because the capacity for the 2DEG density is expected to be increased in InGaN
DH-FETSs as the result of the enhanced polarization effect (i.e., increased polarization
charges) and the enlarged conduction-band discontinuity at the AlGaN/InGaN
heterointerface. We compare the 2DEG mobilities and densities in GaN and InGaN DH-
FETs. The InggsGag 4N layer is used as the channel in the InGaN DH-FET.

Figure 5 plots the 2DEG mobility data as a function of the 2DEG density, measured
a 77 K in GaN and InGaN DH-FET samples. Here, two different Si doping
concentrations (4x10% and 6x10™ cm?®) are used in both GaN and InGaN DH-FET
samples. At lower 2DEG densities in Fig. 5, the 2DEG mobility in InGaN DH-FET is as
high as that in GaN DH-FET: a high mobility of 7600 cm?/V's is obtained at 77 K for the
2DEG density of 7.6X10% cm?. Thus, the 2DEG mobility is enhanced also in the DH-
FET with the Ingg6Gag.94N channel.

At higher 2DEG densities in Fig. 5, on the other hand, a distinct difference in the
2DEG mohility has been shown. In GaN DH-FET, amohility of 4500 cm?/Vs is obtained

for a relatively high 2DEG density of 9.2x10% cm’. In InGaN DH-FET, on the other
hand, a mobility as high as 5600 cnm?/V's is obtained for a high 2DEG density of 1.2X10™
cm2. Thus, the degradation of the 2DEG mobility along with the increase in the 2DEG
density is smaller in InGaN DH-FET than in GaN DH-FET. This indicates that InGaN
DH-FET has the larger capacity for 2DEG than GaN DH-FET. Thisisvalid also at 300 K.
Thus, high 2DEG mobilities and high 2DEG densities can be simultaneously obtained in

InGaN DH-FETS.
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Figure5. 2DEG moabilities as a function of 2DEG densty in
GaN and InGaN DH-FET samples. The In composition is0.06.
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CONCLUSION

We have investigated two-dimensional electron gas transport properties in nitride
double-heterostructures. A striking effect has been observed that the 2DEG mobility has
been dratically enhanced in the AlGaN/GaN/AIGaN double-heterostructure, compared
with that in the conventional AlGaN/GaN single-heterostructure. The observed mobility
enhancement has been shown to be mainly due to the enhanced polarization-induced
electron confinement in the double-heterostructure, and additionally due to the
improvement of the interface roughness in the structure. Device operation of an
AlGaN/GaN/AlGaN DH-FET has been demonstrated: a maximum transconductance of
180 mS/mm has been obtained for a 0.4 pum-gate-length device. In the double-
heterostructure using InGaN channel, the increased capacity for the two-dimensional
electron gas has been observed. The AlGaN/(In)GaN/AlGaN double-heterostructures are
effective for improving the electron transport properties.
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