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We report on simulations of electrical characteristics of AIGaM@aN)/GaN heterostructure field

effect transistors with quantum and hot electron effects taken into account. Polarization charges lead
to quantum confinement of electrons in the channel and to the formation of two-dimensional
electron gas. The electron quantization leads to the spread of the electron wave function into the
barrier and bulk but does not have significant impact on dc electrical characteristics. Hot electrons
play an important part in the charge transport by spilling over into the bulk GaN where they are
captured by traps. This leads to negative differential conductivity, which is also observed
experimentally. The simulation results are in good agreement with measured dc characteristics.
© 2004 American Institute of Physic§DOI: 10.1063/1.1719262

I. INTRODUCTION The goal of this paper is to understand the underlying
physics of carrier kinetics in lll-nitride heterostructures and

In recent years, AlGaN/GaN heterostructure field effectto select or develop physical models suitable for predictive

transistors(HFET9 and metal-oxide-semiconduct@¢OS) simulations of IlI-nitride devices. We will focus on the two

HFETs have gained wide recognition as potential devices ofssues ignored in previous simulations: quantum and hot

choice for ultra-high-power microwave systems and poweelectron effects.

electronics. However, there are a number of issues, such as

current collapse, trap memory effects, piezoelectric effects]. DEVICE DESCRIPTION

and self-heating, where quantitative understanding is not yet Typically, the device epilayer structures are grown by

achieved. This impedes widespread practical applications qf,.sressure metal organic chemical vapor deposition on in-
IlI-nitride HFETS. , _ sulating 4H-SiC substrates or on sapphire. Alternative sub-
The usual approach employed to gain quantitative iNgyrates include bulk Galand bulk AIN® The structure stud-

sight into the above mentioned phenomena is physics-basggdy i this paper was grown on 4H-SiC. As described, for
device  simulation to  complement  experimental gxample, by Kharet al,’ the AlGaN/GaN layers for this
measurementsHowever, physical models of lll-nitride ma- ggrycture are deposited at 1000°C and 76 Torr. A 100 nm
terials have not been well established. There are many digy|N puffer layer is first grown at a temperature of 1000 °C,
crepancies in the literatufeincluding recent dramatic revi- fo|jowed by a 2um insulating GaN layer. A thiri4—5 nm
sions of the band gap parameter for IilVoreover, mole |n, . Ga .. layer is then sandwiched between the insulat-
fraction dependencies of many parameters remain unknowfilag GaN and a 25 nm AkGa, ;N nonintentionally doped
There have been a few recent publications dedicated tgarrier layer. We also have a low-level flux of trimethylin-
GaN HFET simulations:* However, in all simulations re- djum present during the growth of all the layers of the struc-
ported, two important factors on the device characteristicsure. The presence of the indium surfactant helps in improv-
have been neglected. The first such factor is the role of quanng the surface and interface roughness by incorporation of
tum effects such as the formation of two-dimensiof#D)  trace amounts of indium. The measured room temperature
electron gas in the channel of the HFET and electron tunnelHall mobility and sheet carrier concentration are 1100—1200
ing through heterointerfaces. Second, hot electron effectsm?/V-s and 8 to 9< 10" cm™?, respectively.
have been ignored when employing only the drift-diffusion Transistor devices are fabricated using(20nm/
transport model for HFET simulations. Both effects may leadAl (50nm)/Ti(20nm/Au(150nm for the source-drain ohmic
to electron spreading into the bulk GaN and into the barriercontacts. The contacts are annealed at 850 °C for 1 min. in
and might have a significant impact on the device perfornitrogen ambient. A multiple He implant with energies of 10,
mance. 50, and 100 keV and a dose of (1-2)0% cm 2 is used

0021-8979/2004/95(11)/6409/5/$22.00 6409 © 2004 American Institute of Physics
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1.1um TABLE |. Summary of parameter values at 300 K adopted in all simula-

7 é 1.5um 2.4um tions.
i - Alp3Gag 7N - 25nm GaN InN AIN
=
Dielectric constant 9.5 15.3 8.5
i - Ing.015Gap.sesN — 4nm Energy gapeV) 3.47 0.8 6.2
i-GaN - 2um Electron Affinity (eV) 3.4 5.8 1.9
Electron mobility (cr?/V-s) 1100 2400 300
i— AN Electron saturation velocitem/s ~ 1.2x10°  2.6x10° 1.5x10°
Effective conduction band density 2.65<10'®  1.3x10' 4.1x10'
—3
FIG. 1. Sketch of the HFET structure. of statesicm™)
Energy relaxation timeéps) 0.1 0.1 0.1

for device isolation. The gate deposition completes the fab-

rication process. Figure 1 shows a sketch of the fabricated )
structure. interpolations were adopted to compute parameter values as

a function of mole fraction in AlGaN and InGaN. Table |
summarizes important parameter values adopted in the simu-
lations.

The simulations were performed for the long channel  The only parameter whose value was significantly
HFET fabricated as described in the preceding section. Thehanged from the references was the GaN electron saturation
simulation tool of choice was the multidimensional devicevelocityv. We had to reduceg by about 40% in order to fit
simulator DESSIS from integrated Systems Engineeting.experimentally observed values for the saturation current.
Although DESSIS is capable of handling nonisothermal  Hot electrons have been taken into account by employ-
simulations, we assumed a fixed temperatur&eB00 K in  ing a hydrodynamicor energy balangeransport modet®1°
all simulations since self-heating effects go beyond the scopAs a rule, long channel devices do not mandate the use of the
of this work and experimentdl, —Vps curves(see Fig. 4  hydrodynamic transport model to account for hot electrons.
indicate that no significant self-heating occurs within theHowever, in GaN HFET, hot electrons play an important role
range of applied biases investigated in this work. in the vertical real space transfer and subsequent capture by

GaN and related compounds present several challengésilk traps.
to device simulators. First, there are significant polarization  Due to the relatively immature state of lll-nitride tech-
charges at heterointerfaces. AlGaN, InGaN, and GaN possesslogy, these materials tend to exhibit a significant amount
polarized wurtzite crystal structures, having dipoles acrossf structural defects, such as threading or misfit dislocations
the crystal in thd0001] direction. In the absence of external or carbon impurities, which translate into bulk trapg’
fields, this macroscopic polarization includes spontaneousraps are responsible for memofiysteresis effects and
(pyroelectria, and strain  induced (piezoelectrit  current collapsé® We included only acceptor/electron bulk
contributions’ The primary effect of polarization is an inter- traps in our simulations since the primary quasistationary
face charge due to abrupt variations in the polarization at theffect of interface/surface traps was accounted for by defin-
AlGaN/InGaN heterointerface. Theoretical calculation of theing effective interface polarization charges. The density of
total interface charge at a strainedy A&, ;N/Ing ¢1:G& ggd\ acceptor type electron bulk traps in our simulations WNas
interface using average reported data on pyroelectric and pi=5x10” cm 3, with a cross section of or,=1
ezoelectric components results in interface charges of around 10 '° cm™2; we positioned these 1 eV above mid band
(1.5-1.7)x 10 cm 2,191 A partial strain relaxation might gap. There are indications that multiple trap levels exist in
lead to a reduction of the polarization charfeand forma-  llI-Nitride materials®!’ However, some trap parameters are
tion of significant amount of interface electron traps that parstill largely unknown. Therefore, we assumed just a single
tially neutralize the polarization charges. These effects comtrap level and tuned trap parameter values to a reasonable fit
bined should reduce the sheet charge density significanthpf simulated IV curves with experimental data. We think that
We adopted an effective interface charge density of 1.1%mportant trap-related electrical behavior was captured ad-
% 10* cm™? in all simulations. This, combined with adopted equately in our simulations. Our test simulations indicate that
values for bulk trap concentrations discussed below, and thmultiple trap levels may lead to even better match between
Schottky barrier height, allowed us to match experimentallyexperiment and simulation with increasing degrees of free-
observed values for the pinch-off voltage. dom.

A Schottky barrier height othg=1.55 V was estimated Because of polarization charges and a large conduction
based upon the experimental observation that the barrier fdrand offset, the electrons are subjected to quantum confine-
metal/AlGaN contacts increases from that for metal/GaNment at the AlGaN/InGaN interfacéchannel. A two-
contacts by approximately 0.02 V for every 1% increment indimensional electron gas in the channel screens the polariza-
the Al mole fraction'® tion, as first predicted by Bykhovskt al1®?°This screening

Important model parameters for GaN, InN, and AIN, is automatically taken into account in the simulations via
such as energy band structure, mobilities, and saturation veelf-consistent solution of transport and Poisson equations.
locities were based on the book by Levinshtein, Rumyantsevihe quantum effects due to electron confinement have been
and Shuf and a recent review of band parametétsnear  accounted for by the density gradiedDG) transport

IIl. SIMULATIONS
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FIG. 2. Vertical cross section under the HFET gate with zero bias showing 0
(@ the conduction band edge and Fermi level &bpsimulated electron 8 4 2 0 2
density in the channel. Dashed lines show the result of classical simulations, Ve [V]

and solid lines the corresponding results obtained with the density gradient

model. For comparison the electron density from the Stihger approach  FiG. 3. Experimentalsquare markeysand simulated transfer characteristics

is also shown with square markers. (Ip— V) with quantum correction via DGsolid line). Drain voltageVp
=10 V.

model?! The DG approach is a self-consistent way to ac-

count for quantum effects via quantum potential correction to

the continuity equatio”>?®It has been shown in silicon de- proaches, the transfer characteristics are not much affected
vices that the DG model yields excellent quantitative agreeby the quantum confinement. The simulations are in good
ment with self-consistent Poisson-Sctfimger solution un- agreement with the measurements.

der quasiequilibrium conditiorf8. However, unlike the Figure 4 shows the simulated and measured dc output
Poisson-Schidinger approach, the DG model is robust, fast,characteristicslc—Vp) for Vg values varying from 0 te-4

and can be applied to highly nonequilibrium situations.V in 1 V steps. To reveal the role of hot electrons, we per-
Moreover, the DG model can account for electron tunnelingormed simulations within hydrodynami@HD) and drift-

through the heterointerfaces in and from the channel. diffusion (DD) transport models. In both, HD and DD, we
included quantum effects via DG.
IV. RESULTS AND DISCUSSION All experimental curves display small negative differen-

tial output conductancéNDC). At first glance, one might

Flgure_Za) shows the band structu.re along a.vertlcalwam to attribute the NDC to self-heating effects. However,
cross section under the gate at zero bias as predicted by a

: } . : . careful examination of the experimental curves shows that

classical simulation and as predicted with the DG model. Th? .
conduction band edge predicted by both approaches coinhe onset of negative output conductance occuépat Vg
~4.6 V for all the curves. As a result, the potential drop at

cides at the surface, 25 nm above the heterointerface. A Vert¥1e ate/drain edge for these bias points leads to similar elec-
deep potential well is formed at the AlGaN/InGaN interface 9 . 9 ) P !
tron heating, hence supporting an explanation based on elec-

due to a large conduction band offset and polarizatior{ron energy rather than lattice temperature. Furthermore, the
charges. This leads to quantum confinement of electrons in gy P ' ’

: ower dissipated in the device at these points varies from
the channel and formation of 2D electron gas. The ban&io.l to ~3 W/mm for the curves corresponding Y

bending seen in Fig.(d) is caused by the charging of deep o . : :
bulk acceptor traps and, therefore, it flattens out as soon as4.v. anql VG._(.) V, respectively. Th|s_ depicts a 30 fold
the Fermi level rises above the trap energy levet-at7 eV variation in dissipated power from which we can conclude
below the conduction band edge in the bulk GaN. The Cor_that the NDC observed at low drain biases is not caused by
responding distribution of electrons in the channel is Shownself-heatmg.
in Fig. 2(b) under zero bias conditions. It is evident that the

classical picture does not capture the quantum confinement

of electrons. Both quantum approaches, namely, density gra- 800
dient and Poisson-Schiimger, are in good agreement with

each other. Both quantum approaches and classical simula- 600l
tions yield similar values of the sheet electron density n T

~8x 10 cm™2, which is in good agreement with the ex- 5
perimentally measured value. However, the classical ap- E 400t
proach does not account for the significant penetration of the £ )
electron wave function into the wide band gap barrier layer c00f M
and bulk GaN. Quantum calculations clearly show a signifi-
cant penetration of the electron wave function from the 2D
gas into AlGaN and into three-dimensional states in GaN, 0
thereby reducing the electron mobilf. Vo[V]

Figure 3 compares the simulated and measured transfer

foti _ : : : FIG. 4. Simulated and measured output characteristigs-¥/p). Experi-
characteristics I —Vg). Simulations were performed with ment (square markejsior Vo0, —1, ~2, and—8 V, and simulation for

and_WithOUt _quamum _co_rrec_tions via D(_-;- Because the SheQ;G=O and —2 V, with hydrodynamic(solid lines and drift-diffusion
carrier densities are similar in the classical and quantum apeashey approaches.
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. FIG. 7. Distribution of trapped electrons predicted by the hydrodynamic
FIG. 5. Cross-section of the AlGaN/InGaN HFET around the gate edge neagj, jation atVp=10 V andV¢=Vs=0 V. Dimensions inum

the drain showing an electron temperature contour magpyat 10 V and
Vs=V=0V. Dimensions inum.

the formation of a potential barrier for the electron flow. That

According to our simulations, the NDC is compatible is consistent with the typical negative differential conduc-
with the capture of hot electrons at bulk traps under suffitance observed in the experimental curves.
ciently high drain bias conditions. Hydrodynamic transport [N order to visualize the formation of a potential barrier
simulations capture this effect while the simpler drift- Within t_he chiannelldue to electron capture in bulk traps, we
diffusion approach yields completely flat saturation regiong@n & simulation with an increased number of acceptor traps
with no NDC. For large drain biases, electrons in the channeiNT=8%10"" cm™®) to exacerbate the NDC. Figure 8
are significantly heated. Figure 5 shows a contour plot of théhows cross sections of the HFET around the gate edge near
electron temperature distribution where a hot spot is obthe drain with conduction band edd#: contour plots at
served in and around the channel on the drain side of th¥o=2.4V [Fig. 8a] andVp=6V [Fig. 8b)] correspond-
gate. The electrons in this location have enough energy tH'd to drain biases at the current peak and valley, respec-
spread over the AlGaN barrier and towards the GaN bulk. fively, as pointed out in thi, —Vp, curve in Fig. §c). Figure

Figure 6 compares simulated electron densities withirB(d) shows a 3D surface plot corresponding to Fith)&or
drift-diffusion and hydrodynamic transport approaches.VDZG V where the presence of a conduction band barrier for
These snap shots were taken for a biasvgt=10V and electron flow is clearly visible in the gate edge region near
Vg=Vg=0V. We can clearly see that in drift-diffusion the drain, hence giving rise to the NDC. Thescale(in the
simulations electrons tend to be confined within the channefirection of device depffin Fig. 8d) has been considerably
while in hydrodynamic simulations the spreading of hot elecexpanded so we can better visualize the rapid variations of
trons towards the AlGaN barrier and GaN substrate is evithe band just outside the channel towards the drain. The re-
dent. sults shown in Fig. 8 support the model that relates current

At higher drain bias, the electrons become hotter: hencéollapse to the trapping effects at gate edges.
the wider flow spreading. An increase in drain bias results in
more trap levels in the substrate being occupied with elec-m
trons. Figure 7 shows the distribution of captured electrons. o,
This distribution follows the same pattern as the electron o1
distribution except that it is significantly deeper. Moreover, E o
there is occupation of a significant fraction of traps down to >
regions where the equilibrium electron concentration is only
10" cm 2. This extra negative charge then lifts up the con-
duction band under the gate border near the drain, leading ti

E
5 4
E 300} .
5 Snap shot points
200F
100},
0 L
0 2 4 6 8 10
(©) Vo [V]
.10 0.10 ) )
@ ©! 00 010203 040506 , -01 00010203 040506 FIG. 8. Cross-sections of the HFET around the gate edge near the drain

showingE contour plots ata) Vp=2.4 V and(b) V=6 V corresponding
FIG. 6. Cross-section of the AlGaN/InGaN HFET with electron density to current peak and valley, respectively, as pointed out ifl gheV, curve
contour maps comparing results predicted (ay hydrodynamic andb) in (c). (d) shows a 3D surface plot with the presence ofEgnbarrier for
simple drift-diffusion simulations. Dimensions jpam. electron flow around the gate edge near the draMzt 6 V.
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