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SIMULATION OF ALGAN/GAN HEMTs WITH INGAN CAP LAYER
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AlGaN/GaN high electron mobility transistors (HEMTSs) are favored for the use in high-
power and high-frequency applications. Normally-off operation has been desired for various
applications, but proved to be difficult to achieve. Recently, a new approach was proposed: a
thin InGaN cap layer introduces a polarization field, which raises the conduction band of the
AlGaN/GaN interface. As a result, the threshold voltage is shifted in positive direction. We
present a simulation study of these novel devices: some device specific effects are explored
and the AC characteristics are analyzed.
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1. INTRODUCTION

As AlGaN/GaN depletion mode (D-mode) HEMT technology has been
significantly improved in the recent years, no comparable progress of the
enhancement counterparts (E-mode) could be noted. However, the latter exhibit
features, which give them advantages over traditional D-mode HEMTs in some
applications. In low-power digital circuitry they allow HEMT-based direct-coupled
FET logic. In analog circuits they offer reduced complexity due to the elimination of
the negative voltage supply and fail-safe power-switching. Several groups have
proposed different approaches to the design of E-mode HEMTs in the past years.
While some of those methods deliver excellent results, stability concerns remain. The
most recent approach (proposed by Mizutani et al.) adopts a thin InGaN cap layer,
which raises the conduction band, thereby achieving a normally-off operation [1].

2. DEVICE STRUCTURE

The investigated InGaN/AlGaN/GaN device structure as described in [1] 1s shown
in Fig. 1. A 3 um thick GaN layer is grown on a sapphire substrate. A 20 nm thick
Aly,5Gag 75N layer is deposited next: the first 5 nm undoped, 10 nm highly-doped
2x10"cm supply layer, and 5 nm undoped material. On-top a 5 nm thick Ing>Gag sN
layer is deposited. All layers are non-intentionally doped, except the supply layer.
The gate length 1,=1.9 pm, source-gate distance is 1.5 um, and gate-drain distance is
2.4 um. We study three different HEMT structures: the proposed novel normally-off
device (Fig. 1), a device with the InGaN layer removed in the access regions (only
the InGaN film under the gate is left), and a conventional normally-on device (as in
Fig. 1, but without the InGaN layer). We assume a diffusion of the metal source and
drain contacts reaching the highly-doped layer.
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Figure 1. Schematic layer structure of the Figure 2. Comparison of simulated and
three HEMTs under investigation. measured transfer characteristics for the
three devices.

3. PHYSICAL AND MATERIAL MODELS

Our two-dimensional device simulator Minimos-NT [2] has proven to be a
suitable tool for the analysis of heterostructure devices [3]. Recently, it has been used
for the study of a whole generation of AlGaN/GaN-based HEMTs [4]. Since the
longitudinal electric field in the channel reaches peak values of above 500 kV/cm, the
hydrodynamic transport model is used to properly model electron transport and
energy relaxation. Self-heating effects are accounted for by using a global self-
heating model, which calculates a spatially constant lattice temperature. This model
has been chosen for the reasonable computational effort and convergence behavior.
We further assess the impact of thermionic emission and field emission (tunneling)
effects which determine the current transport across the heterojunctions. The energy
barrier reduction is modeled based on the electric field perpendicular to the interface
and the effective tunneling length [5]. The material models employed for GaN and

InN are described in [6].

4. SIMULATION RESULTS

The simulation results for the transfer characteristics of the three devices are
compared to the measurements of Mizutani et al. in Fig. 2 for Vps=5 V. Good overall
agreement is achieved. All simulations were conducted using the same parameter
setup, except for the work-function energy difference of the gate Schottky contact
(depending on the underlying material). The values for the interface charge density
are assumed as follows: 1x10" at the GaN channel / AlGaN interface, —6x10"
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between the AlGaN layer and the passivation (in the case of D-mode and recessed E-
mode), —2.2x10" between the InGaN cap layer and the AlGaN supply layer (both E-
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Figure 3. Energy band diagrams of a Figure 4. Simulated transconductance DC
HEMT with (dot-dashed line) and without g, for the three devices.
(solid line) InGaN layer.

mode devices), and 1.4x10" between the InGaN cap layer and the passivation (E-
mode non-recessed).

Fig. 3 shows the effective conduction band energies of D-mode and E-mode
HEMTs at Vgs=0 V, Vps=5 V 1n a vertical cut under the gate metal, as computed by
the simulator. The band diagrams are shifted, so that both Fermi levels are at 0 eV.
Indeed, as suggested by Mizutani et al., a two-dimensional electron gas channel is
presented in the D-mode device, while the negative piezoelectric charge at the
InGaN/AlGaN interface raises the conduction band in the E-mode structure. Thus, the
channel is depleted even at Vgs=0 V, and the threshold voltage increases to positive
values. Fig. 4 compares the simulated DC g, for the three structures. The drop in the
measured g, at higher gate bias, might be due to non-idealities in the source and
drain Ohmic contacts, which are not considered in our simulation. A relatively good
agreement between the simulated and measured output characteristics for a device
with InGaN layer is achieved (Fig. 5).

Small signal AC analysis using the calibrated setup delivers cut-off frequencies of
f1=7 GHz for the device featuring a complete InGaN layer, and f;=10 GHz for the
recessed structure, respectively (Fig. 6). Our simulations suggest, that reasonably
higher values can be achieved by shorter gate lengths: e.g. peak f1=30 GHz for 1,=0.8
pm.

5. CONCLUSION

A simulation study of HEMTs featuring InGaN cap layer is presented. All
relevant physical mechanisms are accounted for. By using a calibrated parameter
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setup, a good agreement with experimental DC data is achieved. Theoretical
expectations for the AC performance are presented.
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Figure 5. Output characteristics of a Figure 6. Simulated fr for devices with
HEMT with non-recessed InGaN cap complete and recessed InGaN cap layer.
layer.

6. ACKNOWLEDGMENT

Support from the Austrian Science Funds FWF, START Project No. Y247-N13 is
acknowledged.

7. REFERENCES

[1] T. Mizutani, M. Ito, S. Kishimoto, and F. Nakamura, “AlGaN/GaN HEMTs With Thin
InGaN Cap Layer for Normally Off Operation”, IEEE Elec.Dev.Lett., vol. 28, no. 7, pp. 549-551,
Jul. 2007.

[2] Minimos-NT Device and Circuit Simulator, User’s Guide, Release 2.0, 2002.
http://www.iue.tuwien.ac.at/mmnt

[3] V. Palankovski and R. Quay, “Analysis and Simulation of Heterostructure Devices”. Wien —
New York, Springer, 2004.

[4] S. Vitanov, V. Palankovski, S. Murad, T. Roedle, R. Quay, and S. Selberherr, “Predictive
Simulation of AlGaN/GaN HEMTs”, in Tech.Dig. IEEE Compound Semiconductor IC Symp., pp.
131-134, Nov. 2007.

[5] T. Simlinger, H. Brech, T. Grave, and S. Selberherr, “Simulation of Submicron Double-
Heterojunction High Electron Mobility Transistors with MINIMOS-NT”, IEEE Trans.Elec.Dev.,
vol. 4, pp. 700-707, May 1997.

[6] S. Vitanov and V. Palankovski, “Normally-Off AlGaN/GaN HEMTs with InGaN Cap
Layer: A Simulation Study”, in Solid State Electronics, (in press), 2008.

70



