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Abstract. GaN-based I11-V heterostructure devices are promising candidates in future power
electronic, microwave and optoelectronic devices, owing to their superior material properties.
The development of polarization doping technology in GaN-based material has attracted
extensive interests in the recent years, because it allows the graded AlGaN layers to realize
high conductivity n/p type bulk doping without introducing donor/acceptor dopants, which
would significantly improve the performances of the GaN-based heterostructure devices. This
lecture contains two parts: an overview of polarization doping technology and novel
polarization-doped GaN-based electron devices. The review of polarization doping technology
mainly focuses on its mechanism in realizing the n/p type doping in graded AlGaN layer
without impurity dopants, and its unique carrier characteristics induced by polarization doping.
The novel polarization-doped GaN-based power devices include the diodes and field effect
transistors, which exhibit better performances than the ones with impurity-doped.

1. Introduction

Wide bandgap gallium nitride (GaN) based heterostructure devices are emerging as promising
candidates for power electronic, microwave and photonic devices, owing to their superior material
properties, such as high critical electric field, high carrier density and saturation velocity [1-9]. GaN-
based devices have attracted lots of interests in the semiconductor community [10-20]. In the abrupt
GaN-based heterostructures, the spontaneous polarization and piezoelectric polarization effect play a
critical role to form the 2-D electron gas (2DEG) at the interface, owing to the polarization
discontinuity. While all the 2DEG is confined in the thin and deep triangular shaped potential well [5].
Without intentional doping, the high density and high mobility 2DEG is the work foundation of GaN-
based high-electron-mobility transistors (HEMTs). For GaN-based HEMTs, p-type GaN cap layer is
an optional choice to realize enhance mode operation [10]. For light-emitting diodes, high injection of
holes is crucial to achieve high luminous efficiency and bright optical emission [17]. However, to
form high density of p-type GaN and AlGaN layers is an increasingly troublesome problem since early
1990s, because the activation energy (£,) of the most commonly used acceptor dopant (Mg) in GaN is
about ~200 meV [6-8]. Then the activation ratio of the acceptor dopants is low and the mobility of
holes are inevitable deteriorated by the inherent potential barriers in heterostructures and the scattering
effect induced by thermally ionized dopants [13]. In order to obtain p-/n-type bulk doped GaN-based
heterostructures with high concentration and high mobility, the polarization doping technology is
emerged [11-12].
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2. Polarization technology

Debdeep Jena et al. firstly presented and experimental realization of the novel concept polarization
doping technology, achieving bulk electron doping in graded AlGaN/GaN heterostructures [11].
Figure 1 illustrates the mechanism of polarization technology. For conventional abrupt Ga-face
AlGaN/GaN heterostructure as shown in Figure 1(a), positive net polarization charge (o) is formed at
the AlGaN/GaN interface with o = P, (AIGaN) + P,, (AIGaN) - P, (GaN) , wherein the two dimensional

electron gas (2DEG) is formed. While positive/negative polarization charge (N2 (z) =V -P =oP(z)/ oz )

are uniformly formed in the Ga-/N-face graded AlGaN barrier as shown in Figure 1(b) and 1(c),
because the polarization field is linear gradient in the graded AlGaN layer. Then three dimensional
electron gas (3DEG) and hole gas (3DHG) are formed in the graded AlGaN barrier layer owing to the
electric neutrality, respectively. Figure 2 illustrates the energy band diagram and charge profiles of
2DEG and 3DEG, corresponding to the heterostructures in Figure 1(a) and 1(b), respectively. The CV
experimental results confirm the formation and distribution of 3DEG in graded AlGaN layer.
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Figure 1. Schematic illustration of formation of (a) 2DEG in conventional abrupt AIGaN/GaN
heterostructure, polarization-induced (b) n-type (Ga-face GaN) [11] and (¢) p-type (N-face GaN) [12]
doping in graded AlIGaN/GaN heterostructure.
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Figure 2. Energy band diagram and charge profiles of 2DEG and 3DEG in the Ga-face abrupt and
graded AlGaN/GaN heterostructure [11].

Figure 3 shows the dependences of density and mobility of 2DEG and 3DEG/3DHG on
temperature. Since the 2DEG, 3DEG and 3DHG are formed by the polarization effect, the sheet
densities of them are almost irrelevant of temperature as shown in Figure 3(b) and 3(d). While the
electron/hole density of dopant doped type are extremely lower at lower temperature, because the
energy needed to activate the dopant is high and the carrier is freezeout at low temperature. In Figure
3(a) and 3(b), the mobility of 3DEG/3DEH and 2DEG are less depended on the temperature than those
of donor/acceptor doped type, especially at lower temperature. Because the 3DEG/3DEH and 2DEG
are formed by polarization effect and in absence of scattering of ionized dopant [13].
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Figure 3. Influences of temperature on mobility and concentration. (a) and (b) for 2DEG and 3DEG
[11], (¢) and (d) for Mg-doped and 3DHG [12].

Based on the polarization doping technology, a back-to-back graded AlGaN barrier layer to form
high density N-type and P-type doped region is proposed on Ga-face AlIGaN/GaN heterostructure [14],
as illustrated in Figure 4. The formed 3DEG and 3DHG are located in the positive and negative graded
AlGaN barrier layer respectively, due to the inversion of polarization direction.
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Figure 4. (a) Schematic illustration of back-to-back graded AlGaN barrier layer in Ga-face
AlGaN/GaN heterostructure [14]. (b) Energy band diagram and charge distribution of the new method
to form N-/P-type doped region.

Therefore, the polarization doping technology provides a new insight to realize N-/P-type doping,
which widens the applications of GaN heterostructure materials.

3. Novel devices based on polarization technology

Based on the polarization doping technology, several novel device structures have been proposed for
diverse applications in recent years, including microwave power applications, deep ultraviolet LEDs,
GaN power transistors and so on. Owing to the polarization doping without introducing the donor or
acceptor dopants, the performances of these novel devices have been significantly improved. In the
following section, we will give a brief description of these typical novel devices.

3.1. AlGaN/GaN polarization-doped metal-semiconductor field-effect transistor (MESFET)

The polarization-doped FET (PolFET) proposed by Siddharth Rajan et al. is shown in Figure 5(a),
while Figure 5(b) is a conventional impurity doped MESFET for comparison [15]. Both devices have
the same buffer layer, which consists of 0.7 um Fe-doped GaN, followed by 50 nm AIN and 1.7 um
unintentionally doped (UID) GaN. For the novel PolFET, it is followed by a 100nm channel consisting
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of GaN linearly graded to Aly3Gag;N. In the case of the MESFET, the channel consists of 100 nm of
Si doped GaN.
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Figure 5. Epitaxial structure of the (a) novel PolFET, (b) conventional MESFET, (c) Zero bias band
diagram of the PolFET and (d) Carrier concentration profiles from experiment (C}V measurements)
and simulations.

The calculated energy band diagram of the PolFET structure at zero bias is shown in Figure 5(c).
The carrier profile from CV measurements agrees well with the simulated profile, as shown in Figure
5(d). An average charge of 1.6X 10" cm™ was measured for a linear grade up to 30% AlGaN over 100
nm. The electron mobility for the PoIFET was measured to be 826 cm*/V s while only 284 cm?/V s for
the conventional MESFET. As expected, the mobility in the PolFET is higher than the impurity-doped
MESFET, because the electron carrier is free from the ionized dopant scattering effect in the
polarization doped PolFET.
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Figure 6. Unilateral power gain (GTU) and current gain (/4,,) from small signal measurements of the
PolFET. The device was biased at Vps =15 V and Ipg = 100mA/mm.

Meanwhile, high frequency small-signal characterization of the devices from 50 MHz to 40 GHz
was carried out, and the current gain (/%,,) and the unilateral power gain (GTU) were calculated from
the measured s parameters of the device. Figure 6 shows the /,; and GTU as a function of the input
signal frequency. The measured fr and fn.x values of the PolFET were 18.6 GHz and 46 GHz,
respectively. Therefore, the PolFET is very promising for high-frequency and high power applications.
Similar structure and characteristics were presented in [16].
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3.2. Polarization-induced pn diodes

By polarization doping technology without impurity-doping, Santino D. Carnevale et al. developed a
fundamentally new type of pn junction by grading the composition of a semiconductor nanowire
resulting in alternating P and N type conducting regions [17]. By linearly grading AlGaN nanowires
from 0% to 100% and back to 0% Al component, a polarization-induced pn junction was successfully
formed even in the absence of any impurity doping, as illustrated in Figure 7. Since electrons and
holes are injected from AIN barriers into quantum disk active regions, graded nanowires allow deep
ultraviolet LEDs across the AlIGaN band-gap range with electroluminescence observed from 3.4 to 5
eV. Polarization-induced p-type conductivity in nanowires is shown to be possible even without
supplemental acceptor doping, demonstrating the advantage of polarization engineering in nanowires

compared with planar films and providing a new strategy for improving conductivity in wide-band-
gap semiconductors.
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Figure 7. Polarization-induced pn junction formed in a semiconductor nanowire. (a) Schematic of
nanowire device structure, (b) Polarization density as a function of nanowire length (z), (c) Positive
and negative bound charge due to compositional grading, (d) Modelled carrier density and (e)
Conduction and valence band edge energy along the length of nanowire.
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Figure 8. Schematic of polarization-induced n-/p-type doping in graded AlGaN pn-junction. (a)
Structure of graded AlGaN pn-junction on Ga-face template, (b) polarization charge field induced by
grading AlGaN on GaN.
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As shown in Figure 8, without impurity-doping, Shibin Li et al. also proposed a novel type of pn-
junction by grading the Al composition in an Al;Ga; N thin film, ultimately resulting in alternating P
and N conducting regions due to polarization charges [14].

Figure 9 illustrates the current-voltage measurement for different devices. The breakdown voltage
of polarization doped AlGaN pn-junction reaches 34.1V as high as that of regular doped GaN pn-
junction, much higher than 4V of Schottky diode.
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Figure 9. Current-voltage measurement for (a) regular doped GaN pn junction, (b) graded AlyGagoN
pn junction, and (c) Schottky diode. The mesa region is Si and Mg doped GaN pn junction for device
(a), graded Aly1GagoN pn junction for device (b), and undoped GaN film for device (¢).

3.3. GaN lateral polarization-doped super-junction (LPSJ) concept and corresponding enhancement-
mode Heterostructure Field Effect Transistor (HFET)

In order to approach the unipolar limit of breakdown voltage and on resistance of GaN material, GaN
superjunction was proposed. Due to the high activation energy of Mg in GaN, the regular Mg doping
to form P type pillar in SJ still remains challenge [18]. While the natural super junction, formed by the
2-dimension electron gas (2DEG) and 2-dimension hole gas (2DHG), has a high electric field
crowding problem due to the high sheet charge at the interfaces of GaN/AlGaN/GaN [19]. Bo Song et
al. proposed a GaN lateral polarization-doped super-junction (LPSJ) as shown in Figure 10 [20]. The
new structure properly avoids the problems mentioned above, because the n/p pillar regions are

realized by compositionally grading AlGaN, where the electron and hole concentration are uniform
and balanced in the n/p pillar regions.
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Figure 10. (a) Schematic view of the LPSJ structure, (b) the unit cell of LPSJ, (c) the electric field
distribution along the x direction at y = -d in a LPSJ showing the peak field £, occurs at x=0.
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Figure 11. Schematic cross section of the (a) novel 3DHG enhancement-mode HFET with back-to-
back graded AlGaN (named BGA HFET), (b) positive graded AlGaN HFET (named PolFET [16])
and (c¢) conventional HFET.
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Figure 12. (a) I-V characteristics curves at V,=4V, (b) Ex and Ey distributions of the three devices at
breakdown.

Based on GaN LPSJ concept, Fu Peng et al. proposed a novel 3DHG enhancement-mode HFET
with back-to-back graded AlGaN, as shown in Figure 11 [21]. First, the on-state current of the new
device is significantly improved owing to the high-density 3DEG in the positive-graded AlGaN and
the absent scattering effect of ionized impurity dopant, as shown in Figure 12(a). Next, the vertical
conductive channel between the source and 3DEG is blocked by the 3DHG, thereby realizing the
enhancement-mode operation. Meanwhile, owing to the use of super-junction concept, a much higher
breakdown voltage of 919 V is obtained compared to the breakdown voltage of 39 V for the
conventional HFET with the same gate to drain spacing. The corresponding electric field distribution
is given in Figure 12(b).

4. Conclusions

In this paper, we give an overview of the polarization doping technology and several novel
polarization-doped GaN-based devices. In addition, we briefly present the design and characteristics of
the novel devices based on graded AlGaN/GaN heterostructures. Without introducing the donor or
acceptor dopants, the polarization doping technology improves the performances of these novel
devices significantly, which make it promising in the applications for deep ultraviolet LEDs,
microwave power applications, GaN power transistors and so on.
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