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Electron drift velocity in lattice-matched AlInN/AIN/GaN channel at high

electric fields

L. Ardaravigius,® M. Ramonas,' J. Liberis," O. Kiprijanovi¢,' A. Matulionis, J. Xie,?

M. Wu,2 J. H. Leach,? and H. Morkog?

"Fluctuation Research Laboratory, Semiconductor Physics Institute, A. Gostauto 11, Vilnius 01108,

Lithuania

Department of Electrical and Computer Engineering, Virginia Commonwealth University, Richmond,

Virginia 23284, USA

(Received 22 May 2009; accepted 31 August 2009; published online 9 October 2009)

Hot-electron transport was probed by nanosecond-pulsed measurements for a nominally undoped
two-dimensional channel confined in a nearly lattice-matched Al g,Ing ;gN/AIN/GaN structure at
room temperature. The electric field was applied parallel to the interface, the pulsed technique
enabled minimization of Joule heating. No current saturation was reached at fields up to 180 kV/cm.
The effect of the channel length on the current is considered. The electron drift velocity is deduced
under the assumption of uniform electric field and field-independent electron density. The highest
estimated drift velocity reaches ~3.2 X 107 cm/s when the AIN spacer thickness is 1 nm. At high
fields, a weak (if any) dependence of the drift velocity on the spacer thickness is found in the range
from 1 to 2 nm. The measured drift velocity is low for heterostructures with thinner spacers (0.3
nm). © 2009 American Institute of Physics. [doi:10.1063/1.3236569]

I. INTRODUCTION

Nitride heterostructures have attracted much attention
because of their potential use in high-power and high-
frequency electronic devices.' In the absence of intentional
doping, a two-dimensional electron gas (2DEG) (with a typi-
cal density in excess of 10" cm™) forms at the heterointer-
face due to spontaneous and piezoelectric polarization.2 The
Al,_JIn,N alloy can be grown lattice matched (LM) to GaN
for an indium content close to 17%—18%.> Thus, the material
issues due to strain and its relaxation can be avoided in the
LM AlInN/GaN heterojunctions, and a high 2DEG density is
reached solely due to the spontaneous polarization.4 These
properties, together with high mobility and low sheet resis-
tance, make the LM structures ideal for the realization of a
heterostructure field effect transistor (HFET).4_9

Insertion of a thin AIN spacer between the AlInN and
GaN layers helps to reduce remote alloy scattering and
achieve high electron mobility.lo’ll The optimum spacer
thickness is around 1 nm.'™'*"* A thicker AIN spacer may
cause mobility degradation when surface roughness increases
during the growth.11 It seems that the quality of the AllnN
layer degrades if specific structural defects are created at the
AIN/AlInN interface when the spacer is too thick, probably
due to plastic relaxation.'* An onset of mobility degradation
due to the increased surface roughness was obtained for AIN
thicknesses larger than 5 nm in pure ultrathin AIN/GaN
structures. '

Hot-electron transport at high electric fields was investi-
gated experimentally and/or theoretically in bulk GaN'®28
and different nitride heterostructures: AlGaN/GaN,23’29’3O
AlGaN/AIN/GaN,”'  AIGaN/GaN/AIN/GaN,”” and LM
AIINN/AIN/GaN.” In the AIINN/AIN/GaN structure, the

“Electronic mail: linas @pfi.lt.

0021-8979/2009/106(7)/073708/5/$25.00

106, 073708-1

electron drift velocity is measured for 100 ns voltage pulses
at fields up to 70 kV/cm. The electric field range can be
extended if pulses from one to a few nanoseconds are
employed.ZS’31

The main aim of this paper is to report on high-field
electron transport experiments for the LM
Al goIng 13N/ AIN/GaN under conditions of minimized Joule
effect in order to analyze the effect of the AIN spacer thick-
ness on the electron drift velocity.

Il. SAMPLES

The LM Al g,Iny 15N/ AIN/GaN structures were grown
in a vertical low-pressure metal-organic chemical vapor
deposition system.10 The heterostructures consisted of a
4 pm thick GaN buffer layer on a 2 in. (0001) sapphire
substrate, an undoped pseudomorphic 0.3-2 nm AIN spacer,
and a 17-20 nm thick undoped Al g,Ing 5N layer covered
with a 1-2 nm GaN cap layer. The 2DEG channel was lo-
cated in the GaN layer close to the AIN spacer. A degenerate
2DEG, n,p=(1.2—1.5) X 10"® cm™, was induced by sponta-
neous polarization (see Table I). The low-field mobility was

TABLE 1. Measured low-field mobility and sheet carrier density for
Al g,Ing sN/AIN/GaN structures at room temperature.

Structure Cap layer AIN spacer Mo Nop
(nm) (nm) (nm) (cm?/Vs) (X103 cm™)
1656 2 1 1500 1.2
2061 1 1.5 1200 1.5
2073 1 1 1600 1.2
2081 1 0.3 400 1.4
2083 1 2 1200 1.4

© 2009 American Institute of Physics
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FIG. 1. Room temperature mobility vs the AIN spacer thickness for LM
AlInN/AIN/GaN: present work (squares), Ref. 11 (inverted triangles).

1o=400-1600 cm™2/V s at room temperature; its depen-
dence on the AIN spacer thickness is illustrated in Fig. 1
(squares).

The free-electron density profile in a 2DEG channel can
be obtained from the solution of coupled Schrédinger and
Poisson equations.34 For a LM AlInN/AIN/GaN structure,
the calculated polarization-induced charge density o/e (o is
the polarization-induced charge, and e is the electron charge)
is negative at the AIInN/AIN interface (—4.3X 10" cm™2),
and the charge density is positive between AIN and GaN
layers (6.8 10" cm™2). The resultant fixed polarization-
induced charge is positive, and free electrons tend to com-
pensate it. This causes the formation of 2DEG in the GaN
layer near the interface. Thus, the spontaneous polarization
alone induces the 2DEG of ~2.5X10"® cm™ in the LM
Al,_In N/AIN/GaN. 1335737

Our calculations assume additional negative charge ac-
cumulated on the AlGaN surface to account for the surface
states occupied by electrons. The negative residual acceptor
charge is also introduced in the GaN buffer for a better
2DEG confinement. These calculations lead to the resultant
2DEG density close to the values given in Table 1.

At a low density of electrons, the charge of free electrons
can be ignored and the confining potential can be approxi-
mated by a simple triangular function. However, for a high-
density 2DEG, this approximation is rather poor, and the
Schrodinger equation should be solved self-consistently to-
gether with the Poisson equation.38’3 ?

The conduction band potential profile for different AIN
spacer thicknesses (0.3, 1 2, and 3 nm) at zero electric field
and 300 K temperature is shown in Fig. 2. The highest en-
ergy barrier belongs to the 3 nm thick spacer layer.

It follows from the low-field mobility results (Table I
and Fig. 1) and the calculations of the 2DEG density and of
the potential profile (Fig. 2) that a 0.3 nm spacer is too thin
for the 2DEG confinement and good transport performance
at low electric fields. On the other hand, a 1 nm spacer seems
to be of the optimal thickness: remote alloy scattering is
reduced and the electrons are kept confined at the AIN/GaN
interface.

Two-electrode samples for hot-electron transport mea-
surements had an electrode width w=275 um and channel
lengths: L=5, 7, 9.1, 13.2, and 15.2 um. Coplanar Ohmic

J. Appl. Phys. 106, 073708 (2009)
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FIG. 2. Potential profile for the Aljg,Iny;3N/AIN/GaN channel at room
temperature. The dashed, dash-dotted, solid, and dotted lines indicate the
spacer thickness of 3, 2, 1, and 0.3 nm, respectively.

Ti/Al/Ni/Au electrodes were annealed at 1120 K. The contact
resistance R. was estimated from the dependence of the
sample resistance on the channel length measured at low
electric fields: R, varied from 3.6 to 16.3 (). No asymmetry
of the current was observed in the investigated range of ap-
plied voltages (the asymmetry often results from the voltage-
dependent contact resistances).

lll. EXPERIMENT

Hot-electron experiments were carried out for LM
Al g-Ing 13N/ AIN/GaN channels using a nanosecond-pulsed
technique.40 Electric field E was applied in the interface
plane [here E=(U-IR_)/L, where U is the applied voltage
and I is the current flowing through the sample]. The effect
of the channel Joule heating on the current has been
minimized.*

The high voltage pulses were formed in an electrical
circuit that consisted of a dc voltage source, a mercury-
wetted relay, and a charged coaxial line. The high voltage
pulse amplitude was determined by the dc source and ad-
justed by power attenuators. When the coaxial line was dis-
charged through the relay, the electric pulse reached the
sample through the delay line, and the transmitted signal was
fed into a 0-5 GHz bandwidth storage sampling oscilloscope
through a wide band switch, a tee, and fixed thin film attenu-
ators. A high-frequency gauge resistor is used for calibration.

The electrical circuit can be described by a simple
equivalent circuit of three resistors connected in series: the
internal resistance of the generator (50 (1), the sample resis-
tance, and the oscilloscope input resistance (50 (1). There-
fore, the current through the sample, I, is equal to
Uye/ (50 Q), where U, is the registered voltage of the
transmitted pulse amplitude. The voltage drop U through the
sample is equal to Uy.—2U,,., where U, is the dc source
voltage. The value of Uy, is calculated from the signal trans-
mitted through the ideal (gauge) resistor of known resistance
RG:Ugc=2Ugoso(RG/ 100+ 1), where Ug,, is the registered
voltage of the signal transmitted through the gauge resistor.
Figure 3 shows snapshots of the signals on the oscilloscope
screen for the sample and the gauge resistor. The pulse rise



073708-3 Ardaravicius et al.

Voltage (100 mV/diV)
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FIG. 3. Snapshots of the signal for structure 1656 and the ideal (gauge)
resistor. The electric field strength is 66 kV/cm, the deflection factor is 0.1
V/div, and the sweep range is 1 ns/div.

times for the both devices are of the order of ~0.5 ns. Con-
sequently, the sample RC makes a negligible influence on the
signal shape.

At high fields, samples suffered soft damage from time
to time. The damage was estimated according to the change
in the zero-field resistance measured before and after the
high-field experiments. This paper presents the results for the
samples when the damage is less than 5%.

IV. EXPERIMENTAL RESULTS

Our task is to measure the dependence of current on the
applied electric field in the Al g,InjgsN/AIN/GaN channel
at room temperature for structures with the different spacer
thicknesses.

First, to determine whether the investigated structures
are homogeneous, the dependence of current on the average
electric field is illustrated for sample A (Fig. 4, bullets) and
sample B (open circles) cut from different places of the same
wafer (2073). The current values differ by 10% at fields near
20 kV/em and 25% at 170 kV/cm. Second, the optimum
channel length is considered. Figure 5 shows the current as a
function of electric field for the channels of different lengths.
Samples with a channel length greater than 9 um survived 1
ns pulses of the electric field £E<100 kV/cm. The depen-
dence on the channel length is weak if any: the values of

o7
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FIG. 4. Dependence of current on electric field for sample A (bullets) and
sample B (open circles) of structure 2073 at room temperature. The voltage
pulse duration is 1 ns, L=5 um.
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FIG. 5. Dependence of current on the electric field for structure 1656 at
room temperature. The channel lengths are L=7 um (bullets), 9.1 um
(open squares), 13.2 um (open triangles), and 15.2 um (closed triangles).
The voltage pulse duration is 3 ns.

current and voltage are scattered within =10% range. From
this we conclude that the nonuniformity of the electric field
is not essential.

No tendency for the current to saturate is observed at
E< 150 kV/cm (Fig. 5, bullets). The current slowly in-
creases without any signature of impact ionization or any
other threshold-type processes that can possibly cause a no-
table change in the 2DEG density. Because of the high den-
sity of electrons in the 2DEG channel, any possible electron
injection from the contacts is estimated as insignificant
(<1%).

Room temperature dependence of the current on the ap-
plied electric field for Alyg,InggN/AIN/GaN structures
with the different AIN spacer thicknesses is illustrated in Fig.
6. At low fields, the current is governed by the product of the
sheet density and the mobility (see Table I); thus it is natural
that the lowest current is measured for structure 2081 when
the AIN spacer is 0.3 nm thick (crossed squares). At high
fields, the Ohm law no longer holds due to hot-electron ef-
fects. The results for structures 2073 (1 nm spacer, stars)
2061 (1.5 nm spacer, closed squares), and 2083 (2 nm spacer,
diamonds) tend to merge at electric fields exceeding 50 kV/
cm.

When the 2DEG density is independent of the bias and
the electric field is uniform, the electron drift velocity vy, can

2081

2083 won =

2061w

2073 *4"%m i
Om

* B
®
* 0@
]
*Cm
o u

0.01F« * 4

* m O R

Current (A)
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FIG. 6. Dependence of current on the electric field in the
Alj goIng ;sN/AIN/GaN channels at room temperature for structures: 2081
(crossed squares), 2083 (diamonds), 2061 (closed squares), and 2073 (stars).
For spacer thickness see Table I. The voltage pulse duration is 1 ns, L
=5 um.
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FIG. 7. Dependence on the electric field of the estimated electron drift
velocity for the Aljg,Ing gN/AIN/GaN (structure 1656) at room tempera-
ture. The duration of voltage pulses is 3 ns (bullets, present paper) and 100
ns [open circles (Ref. 29)]. The channel length is 7 wm and line is wyE.

be estimated from the measured current-field characteristic
and the low-field mobility, . The current /,, in the Ohmic
range (E<1.5 kV/cm) is expressed as I,=CuyE, and the
normalized variable I/ C, equivalent to the drift velocity vy,
=u(E)E, is plotted in Fig. 7 (bullets) for an
Al g-Ing 13N/ AIN/GaN structure together with the uyE data
(solid line).

At high electric fields, no tendency for velocity satura-
tion is observed. The highest electron drift velocity ~3.2
X 107 cm/s (bullets) is reached at 150 kV/cm when the AIN
spacer is 1 nm (Table I). When the same estimation is ap-
plied to another structure (2073) with a 1 nm spacer, the drift
velocity is ~2.2X 107 c¢cm/s at 150 kV/cm. The data of Fig.
6 show that the drift velocity differs only within 5% at 140
kV/cm for the structures (2073, 2083, and 2061) with differ-
ent spacer thicknesses (Table I). The lowest drift velocity of
~5X10% cm/s is attained for structure 2081 that survived
only 40 kV/cm electric field. This value is more than twice
lower than the value for structure 2073 (~1.2X 107 cm/s)
obtained at the same electric field.

V. DISCUSSION

The experimental results of Figs. 6 and 7 show that
nanosecond pulses enabled us to reach 180 kV/cm without
sample damage. No negative differential resistance (NDR)
was noted, and weak dependence of the drift velocity on the
spacer thickness was measured. The NDR was not observed
in AIGaN/GaN structures by applying 10 ns pulses up to 140
kV/em,” 1 ns voltage pulses up to 200 kV/em,>" and in
silicon-doped GaN using a few nanosecond pulses up to 290
kV/cm.” On the other hand, the NDR was observed experi-
mentally in doped GaN at 180 kV/cm (Ref. 21) when 200 ns
voltage pulses were used, and in a semi-insulating undoped
GaN above 320 kV/ecm.”* Channel self-heating caused the
current to saturate if pulses longer than 20 ns were applied.29
It is difficult to see NDR in quasi-dc measurements.*' The
preferred method is time of flight or microwave type mea-
surements. On the other hand, the recent work of Ardaravi-
Sius et al. reported on NDR in 4H-SiC at 280 kV/cm when
a 1 ns pulsed voltage technique was used.

The NDR originates from the dependence on electric
field of either the electron density or the electron mobility.
Supposing that the electron density is independent of the

J. Appl. Phys. 106, 073708 (2009)

electric field, the NDR is associated with negative differen-
tial mobility (NDM). Calculations show that the NDM in
GaN originates from either intervalley transfer or nonpara-
bolicity of the central valley.27 The position of the upper
valleys has been recently estimated from optical
experiments.43 The NDM induced by negative effective mass
is expected to appear at ~210 kV/cm. According to the en-
semble Monte Carlo (MC) simulations, the NDM appears at
electric fields about 140 kV/cm,”’18 while full-zone MC
simulation shows that the NDM in GaN appears at electric
fields above 180 kV/cm.'®®® This result disagrees with the
other estimations'® and the experimental data obtained for
semi-insulating undoped GaN:* the threshold field for the
NDM is ~325 kV/cm. Theoretical MC calculations incor-
porating a GaN full-zone band structure show that the ma-
jority of electrons do not attain sufficient energy to effect
intervalley transfer until they are subjected to higher fields
(E>325 kV/cm)." So, our experiments illustrate that the
electric field of 180 kV/cm is not strong enough for the in-
tervalley transfer and the associated NDM in the investigated
2DEG channels.

The electron interaction with longitudinal optical
phonons is the dominant energy relaxation mechanism in
GaN 2DEG channels at moderate to high electric ﬁelds,3 * but
this is not always true for the momentum scattering. The
electron drift velocity is determined by the combined action
of many scattering mechanisms such as impurity, alloy, in-
terface roughness, intervalley transfer, and strain nonunifor-
mity, just to mention a few in addition to the hot-phonon
scattering. The difference between structure 2081 with small-
est spacer (0.3 nm) and the other Al g,In,sN/AIN/GaN
structures may result from either the remote alloy scattering
or the alloy scattering of the electrons transferred into the
AlInN layer. A thicker (1-2 nm) AIN spacer eliminates the
hot-electron transfer. As a result, the drift velocity increases.

In a 2DEG, the electron density is high and hot-phonon
effects play an important role. Supposing that the hot
phonons limit the electron transport, the drift velocity de-
pends on the hot-phonon lifetime:**° at a given 2DEG den-
sity, the velocity is higher if the lifetime is shorter. The re-
cent lifetime measurement has led to the differential value of
~60 fs for structure 1656.*° The obtained high value of the
drift velocity of ~3.2X 107 cm/s (Fig. 7, bullets) correlates
with this ultrashort lifetime of hot phonons. For comparison,
the smaller value of the drift velocity, 1.7 X 107 cm/s,*" for
AlGaN/GaN structure corresponds to the hot-phonon life-
time of 350 fs.**

VI. CONCLUSIONS

The dependence of current on electric field is measured
for LM Aljg,Iny 1sN/AIN/GaN 2DEG channels when the
self-heating effect is avoided. No current saturation is ob-
tained in the investigated field range below 180 kV/cm. The
highest estimated hot-electron drift velocity is ~3.2
X107 cm/s when the AIN spacer is 1 nm. This value is
higher than those obtained from the earlier experiments and
simulations for GaN-based 2DEG channels. At high fields, a
weak (if any) dependence of the drift velocity on the spacer
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thickness is found in the range from 1 to 2 nm. The relatively
high velocity bodes well for high speed operation of GaN-
based HFETs but the effect of the AIN spacer layer must be
considered for heterostructures with thin spacers. In particu-
lar, the velocity degrades when the spacer thickness is 0.3
nm.
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