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A GaN/ultrathin BGaN/GaN heterojunction is used in AlGaN/GaN high electron mobility transistors

(HEMTs) to provide an electrostatic barrier to electrons and to improve the confinement of the

2-dimensional electron gas. BGaN back-barrier layers limit leakage in the GaN buffer thanks to two

effects: a polarization-induced band discontinuity and a resistive barrier originating from excellent

insulation properties of BGaN. Compared to conventional AlGaN/GaN HEMTs, structures grown with

BGaN back-barrier showed a significant improvement of static performances, transport properties, and

trapping effects involving a limited current collapse in dynamic regime. A DC maximum current increase

of 58.7% was observed. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4729154]

Superior power and frequency handling capabilities of

nitride high electron mobility transistors (HEMTs) make them

an excellent technology for power-switching and millimeter-

wave applications. In conventional AlGaN/GaN structures,

bulk GaN comprises the buffer, but also serves as the electron

carrier channel, which is located close to the interface. The

intrinsic drawback of this design is that, even though electrons

cannot spillover in the barrier, they do not encounter any

potential barrier at the backside of the 2D electron gas

(2DEG), resulting in buffer leakage. Additionally, the uninten-

tional doping in GaN and the high threading dislocations rate

favor the current leakage phenomenon1 and limit the output

power at high-frequency operation. Thus, to further enhance

the mobility and lower the resistivity encountered by the

2DEG, one must improve confinement and the insulation of

the buffer layer. This can be accomplished by compensation

with dopants (Fe, C,…) (Refs. 2 and 3) or with the use of

wide band gap materials such as AlN,4 AlGaN, or double-

heterojunctions (or DH-HEMTs).5,6 However, these techniques

necessitate extended thicknesses and are known to introduce

deep-level defects in the buffer layer, resulting in current

collapse at high voltage and high frequency.7,8

Alternatively, an InGaN ultrathin layer (1–3 nm) can be

inserted in the GaN buffer as a back barrier to electrons to

improve the confinement in the 2DEG.9,10 In this case, to limit

fast ramp-ups impeding structural quality,11 a trade-off con-

sists of increasing the InGaN barrier’s growth temperature

(�900 �C) (Ref. 12) and in lowering the GaN channel’s

(InGaN growth temperature is near 700–800 �C (Ref. 13)

compared to 1000–1100 �C (Ref. 14) for GaN/AlGaN).

In this paper, we investigate the influence of BGaN back-

barriers (BGaN BBs) in the buffer layer of conventional

AlGaN/GaN HEMTs. It was shown that BGaN BB layers

are highly resistive with only a few percent of boron (i.e.,

0.65%–5%) (Ref. 15) and can potentially prevent carriers

from leaking into the buffer. Moreover, optimal growth of

BGaN materials by metal-organic chemical vapor deposition

(MOCVD) is done at the same temperature than those used

for AlGaN and GaN materials, ensuring higher structural and

interfacial quality.

We performed simulations of band diagrams with a

Schrödinger-Poisson solver16 modified to accept BGaN mate-

rials. At less than 5% of boron content, few BGaN properties

differ from those of pure binary GaN. Most significantly, the

BGaN band gap exhibits a bowing and becomes smaller than

that of GaN (as InGaN).17 The conduction band and carrier

concentration profiles obtained for a typical nitride HEMT

structure including a BGaN BB of 5 nm with 1% of boron

content are shown in Fig. 1 (physical constants used for calcu-

lation are found in Refs. 18 and 19). As the lattice parameter

of BGaN tends to be smaller with boron incorporation com-

pared to GaN, the density of created charges at the buffer/BB

interface is negative unlike the case of InGaN barriers. Conse-

quently, the conduction band is raised locally by about

0.11 eV, similarly to AlGaN barriers in DH-HEMTs, but this

effect is not spread over the buffer as for InGaN.

In addition to this, resistivity of BGaN is significantly

different from that of GaN as it increases drastically up to

105 X cm, with just a few percent of boron.15 Thus, the thin

layer of BGaN creates not only an electrostatic barrier, but

also a resistive barrier to electrons between the channels

enclosing the 2DEG and the GaN buffer below. The inter-

play of these two effects should ensure a better confinement

of the sheet carrier concentration in the channel compared to

conventional AlGaN/GaN HEMTs. Additional simulations

showed a linear dependence of the electrostatic discontinuity’sa)Electronic address: abdallah.ougazzaden@georgiatech-metz.fr.
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height with the BGaN BB thickness. Therefore, with a thin-

ner barrier, the electrostatic effect becomes negligible and

resistivity must predominate to account for the enhanced

confinement, as later observed in our experiments.

Several AlGaN/GaN structures were grown with a

BGaN BB.20 We obtained high-quality material and negligi-

ble trap concentration for a thin BGaN BB with a 1 nm thick-

ness, a boron content of 1%, and at a distance of 40 nm from

the AlGaN/GaN interface.

First results of DC current-voltage characteristics

between two electrodes deposited on the GaN buffer layer

with and without a B0.01Ga0.99N BB are shown in Fig. 2. We

observe that the insertion of this ultrathin BGaN BB in the

buffer layer reduces the leakage current of an order of mag-

nitude for a large electric field range.

To further evaluate the influence of BGaN, we fabricated a

set of epitaxial structures with and without a BGaN BB ultra-

thin layer. We employed commercial GaN templates composed

of an AlN/GaN nucleation layer on sapphire substrate and a

3.5 lm undoped GaN buffer. For the first structure presented in

this paper, the epitaxial growth started with a 400 nm GaN

layer followed by a 1 nm B0.01Ga0.99N BB, a 40 nm undoped

GaN channel, and a 21 nm undoped Al0.3Ga0.7N barrier layer

(tAlGaN). The second structure was grown as a reference with

the same epitaxy but with no BGaN BB. Surface roughness

obtained by atomic force microscopy exhibited similar values

for both structures suggesting no deterioration with the intro-

duction of the BGaN layer.

For device fabrication, the source and drain were

defined by e-beam lithography. The metallization used was

based on evaporated Ti/Al/Mo/Au (12/200/40/100 nm) mul-

tilayer followed by a rapid thermal annealing at 900 �C for

30 s under nitrogen atmosphere. The device isolation is

obtained by Heþ ions multiple implantations. The T-shaped

gates were defined by e-beam lithography with a tri-layer

resist stack, and the metallization used was based on evapo-

rated Pt/Mo/Au (25/25/200 nm). Devices were passivated

with a SiO2/Si3N4 (100/50 nm) bi-layer dielectric deposited

by plasma-enhanced chemical vapor deposition at 340 �C.21

Hall measurements performed on the HEMT structures

without and with a BGaN BB exhibited sheet carrier den-

sities of 7.5� 1012 cm�2 and 1.03� 1013 cm�2, electron

mobilities of 906 cm2 V�1 s�1 and 1230 cm2 V�1 s�1, and a

sheet square resistances of 851 X and 604 X at room temper-

ature, respectively. These results clearly establish a notable

improvement of the carrier confinement with the introduc-

tion of the BGaN BB. As the electrostatic barrier of 1 nm is

relatively small, this improvement can be attributed to the re-

sistivity of the BGaN BB, probably due to the decrease of

the residual doping and the improvement of the material

quality. This was confirmed by SIMS results obtained by

Kim et al.22 showing that the oxygen concentration in sam-

ples increases with the aluminum rate during the growth of

AlGaN barrier layer, but drastically decreases when boron is

incorporated.

For the HEMT including the BGaN BB, transmission

line measurements showed a contact resistance of 0.56 X
mm, a specific contact resistivity of 6.1� 10�6 X cm2, and a

sheet square resistance of 635 X at room temperature. A bar-

rier height of 1.27 eV associated with an ideality factor of

g¼ 1.2 was deduced from the forward characteristics of the

Schottky contact. The reverse gate leakage was about 20lA/mm

at �10 V gate source bias. The breakdown voltage in transis-

tor configuration was also greatly enhanced up to 190 V at

pinch-off against 42 V for the device without BGaN BB for

a gate-drain distance, LGD¼ 1lm. Under three terminal voltage

measurement, IDS is improved by around two orders of magni-

tude at pinch-off from 4� 10�3 A/mm to 7� 10�5 A/mm.

Regarding gate current, the gate leakage current drops of one

order of magnitude (4� 10�7 A/mm) with the BGaN BB at

VGS¼�6 V and VDS¼ 10 V.

All DC and small signal measurements were carried out

with a gate width of 2� 100 lm, a drain-gate spacing of

1 lm, a gate-source spacing of 0.5 lm, and a gate length

(LG) of 250 nm. The DC characteristics were measured with

programmable alimentation multi-slots like HP4142 or Agi-

lent 5270. DC measurement performed on the HEMT with

BGaN exhibited a maximum drain current density of

642 mA/mm at VGS¼ 0 V with an extrinsic transconductance

(gm) of about 137 mS/mm and a gate bias VGS¼�3 V for a

drain bias VDS¼ 15 V. Small signal microwave measure-

ments were also carried out on this transistor under probes.

The calibration procedure was performed on wafer using a

Through-Reflect-Match (TRM) method with a 40 GHz
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Power Network Analyzer type E8363B. The S-parameters

are measured in the 25 MHz to 40 GHz frequency range. The

extrinsic current gain cut-off frequency ft and maximum os-

cillation frequency fmax values are 30 GHz and 55 GHz,

respectively, at VDS¼ 15 V, VGS¼�4 V for a structure

including a BGaN BB, but only 9.7 GHz and 36 GHz for the

reference structure without BGaN.

Pulsed measurements were carried out for different qui-

escent bias points to study the trap response to an applied

electrical field: (VDS0¼ 0 V, VGS0¼ 0 V) giving the refer-

ence characteristics, (VDS0¼ 0 V, VGS0¼�8 V) showing the

gate lag effect, and (VDS0¼ 15 V, VGS0¼�8 V) showing the

drain lag effect. The pulse duration was 400 ns with a duty

cycle of 0.4%. Figure 3 shows an example of pulsed

IDS(VGS,VDS) characteristics for two samples with and with-

out a BGaN BB. In this case, the trapping phenomenon is

reduced for the sample with BGaN BB, which exhibits excel-

lent behavior at high frequency. At VDS0¼ 4V, the current

drop is 25.8% and 6.2% due to the gate and drain lag effects,

respectively.

The extrinsic current gain cut-off frequency response

can be defined by ft¼ veff� (2pLG,eff)
�1, where veff is the

effective electron velocity and LG,eff is the effective gate

length, with LG,eff¼LGþLGF, where LGF is the fringing-

field gate length. The electron velocities ve–eff deduced from

the extrinsic device measurement give 0.81� 107 cm/s and

0.45� 107 cm/s with and without a BGaN back-barrier,

respectively. LGF increases from 179 nm to 488 nm for struc-

tures with and without BGaN BBs. This result shows that the

presence of the BGaN BB layer significantly reduces the sur-

face density of states compared to the reference structure due

to a drop of ON acting as N doping. These values are deter-

mined without deembedding of the parasitic elements and

must be compared with 1.24� 107 cm/s from Jessen et al.,23

which demonstrated sheet resistances between 25 kX and

304 MX for bulk BGaN material with 400 nm thickness. But,

in this case, the growth was quasi-3D, which is incompatible

with a transistor epitaxy. In our case, by including a 1 nm

with 1% BGaN BB in the GaN buffer layer, the growth

remains 2D and the sheet resistance increases from 25 kX up

to 270 kX. These results show that BGaN BBs improve the

electrons confinement in 2DEG and could reduce both the

oxygen impurities in the heterostructure and the structural

defects in the GaN channel. The difference between our

results and those of Jessen et al.23 is due to the strong short-

channel effects and the material quality (indeed, the ft�LG

product is 7.5 and the LG/tAlGaN aspect ratio is about 12). An

electrostatic analysis demonstrates that electrons are pushed

back behind the BGaN BB and cannot go through it because

of its high resistivity. Consequently, charge concentration in

the 2DEG is more confined in the quantum well and, there-

fore, the density and the mobility are greater.

In conclusion, we have presented designs for GaN based

HEMTs with the introduction of BGaN back barrier layers.

We found that the use of ultrathin BGaN BB with a thickness

of 1 nm and a boron content of 1% drastically improves the

electron confinement in standard AlGaN/GaN HEMTs and

the resistivity of GaN buffer layer as well. These improve-

ments significantly enhance the DC and RF performances of

the transistors. Thus, a thick layer of BGaN, with 1%–5%

boron content, creates an electrostatic and resistive barrier to

electrons between the channels including the 2DEG and the

GaN buffer below. This dual purpose of BGaN, being more

suitable for MOCVD growth, shows that these innovative

structures are very promising for high-power and high-

frequency applications since an improved confinement of
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carriers can be obtained. As boron alloying in GaN layers

significantly increases resistivity, BGaN can play a double-

role as a back-barrier.

This work was supported by the National Research Agency
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