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We report on experimental studies of high-field electron transport in AlGaN/GaN two-dimensional
electron gas. The velocity–electric field characteristics are extracted from 10 to 30 ns pulsed
current–voltage measurements for 4.2 and 300 K. An electron drift velocity as high as 1.7
3107 cm/s was obtained in the fields 150 kV/cm. Estimates of thermal budget of the system show
that overheating of the electrons exceeds 1700 K at highest electric fields achieved in the
experiment. ©2004 American Institute of Physics. [DOI: 10.1063/1.1830078]

Group III-nitride materials possess unique physical prop-
erties, which allow one to suggest that the materials have
excellent potential for applications in high-power, high-
frequency, and high-temperature electronics.1 These sugges-
tions are based mainly on theoretical results on high-field
transport[see, for example, Refs. 2–4]. To date, there is a
lack of experimental data on specific characteristics of both
bulklike and heterostructure nitrides under high fields.

For the nitride materials, large electron concentrations
are rather typical. This provides a dominance of electron–
electron collisions over other scattering mechanisms, and im-
plies that the distribution function of the electrons under non-
equilibrium occurs in the form close to theshifted
Maxwellian function. Such a distribution is characterized by
two parameters: an effective electron temperatureTe and a
drift velocity Vdr. The achieved drift velocity is of fundamen-
tal importance, since it determines the current, high-speed
capability, and high-frequency operation. For nitrides, the
theory predictsVdr as high as 23107 to 33107 cm/s in dc
fields about 130–150 kV/cm. Time-resolved measurements5

of electroabsorption in GaN confirm achieving very high ve-
locities for ultrashorts,200 fsd time intervals. However, for
steady-state or quasi-steady-state conditions, direct measure-
ments of the drift velocity meet considerable difficulties. Par-
ticularly, high electric fields and currents in the nitrides give
rise to high dissipative power and a large Joule heating. The
latter, in turn, induces additional electron scattering and lim-
its Vdr, masking truly nonequilibrium hot-electron effects.6

Thus, correct measurements of this characteristic have to be
done in pulse regimes.7–9 Another parameter, the electron
temperature, determines stochastic characteristics of the elec-
trons, their fluctuations, and current noise. In this letter, we
present experimental results on the velocity–field character-
istics in AlGaN/GaN heterostructures obtained by using
10–30 ns pulse current–voltage measurements in the range
of electric fields up to 150 kV/cm. We also estimate and
discuss the electron temperature of nonequilibrium electrons.

The investigated devices were fabricated from
Al .33Ga.67N/GaN undoped heterostructures of 1.1mm GaN

and 23 nm AlGaN covered with a 320 nm Si3N4 passivation
layer. The structures were grown by metalorganic chemical
vapor deposition on sapphire substrate with a 40 nm
Al .16Ga84N intermediate nucleation layer. The transmission
line model (TLM ) patterns of different conduction channel
lengthsL and of the same channel widthW were used. The
channel length varied from 1 to 35mm, while the width was
100 mm. The TLM ohmic contacts were processed by
Ti/Al/Ti/Au metallization annealed for 40 s at 800 °C.
Since the contacts contribute to the voltage drop along the
sample, for correct determination of the average electric field
in the device, the contact resistance was carefully measured
in the low-field regime.

To determine the electron drift velocity, we used the re-
lationship

Vdr = I/enW, s1d

whereI is the current,e is the electron charge, andn is the
carrier concentration. This method of determination ofVdr
relies on the knowledge of the electron concentrations and on
the assumption that the concentration remains constant as the
electric field changes.

First we conducted the low-field measurements. By ap-
plying the Van der Pauw method, we found the low-field
mobility equals 4000 cm2/V s at 4.2 K and 1250 cm2/V s at
300 K. The measured temperature dependence of the mobil-
ity is presented in Fig. 1. For the sheet electron concentration
we foundn<131013 cm−2 in the entire measured tempera-
ture ranges4–400 Kd. We conducted also magnetotransport
measurements. The strong Shubnikov–de Haas(SdH) oscil-
lations appeared at relatively low magnetic fields, which is
evidence for the good quality of the AlGaN/GaN heteroint-
erface. The sheet carrier concentration determined from the
SdH oscillations was nearly the same as the value the Van
der Pauw method yielded.10

The high-field experiments, particularly the current–
voltage characteristic measurements, were carried out by us-
ing nanosecond voltage pulses applied to the sample. This
pulse regime minimizes the self-heating effects. To conduct
such measurements, we used a specially designed electric
circuit minimizing the load mismatch altered with electrica)Electronic mail: s.vitusevich@fz-juelich.de
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pulse magnitude. The typical wave forms of the current and
the applied electric voltage pulse are shown in the inset to
Fig. 1. The wave form coincidence of both signals was ob-
served at all temperatures of the experiment; importantly, it
did not alter with electric pulse magnitude. The measure-
ments were performed in temperature range 4.2 to 300 K,
the sample was immersed into the liquid helium, while at
elevated temperature measurements the helium gas flow was
used for better electrical isolation.

The typical results of measurements of the current are
illustrated in Fig. 2(a), where the current–voltage character-
istics are presented for two samples withL=5 mm and L
=10 mm at different ambient temperatures. General features
of these results are: a rapid increase in the current from
0 to 0.15A at low voltage biass,10 Vd and an extended
portion with a slow increase in the current at larger biases.
Slightly higher currents occur at lower ambient temperature.
Currents in excess of 1.5 A/mm are achieved at high volt-
ages. These values are larger by one order of magnitude than
the currents observed in heterostructure field effect-transistor
(HFET) and metal oxide semiconductor heterostructure field
effect transistor(MOSHFET)-nitride structures,11 which can
be explained by the absence of both the spillover effect and
the gate leakage currents.

The results on the current–voltage characteristic and
measured electron concentrationsn can be used to calculate
Vdr according to Eq.(1). To presentVdr as a function of the
electric fieldE, we calculated the average field in the con-
duction channel taking into account the voltage drop on the
contacts. We found that the dependencesVdrsEd are very
similar for the devices with different lengthsL. Typical re-

sults are presented in Fig. 2(b). It is seen from Fig. 2(b) that
Vdr increases linearly up to the fields of about 5 kV/cm,
whereas at higher fields a sublinear dependence is observed.
It is remarkable that, although the nitride structures under
consideration had relatively small low-field electron mobili-
ties, we obtained magnitudes of the drift velocity above
107 cm/s. The maximum of achieved drift velocity equals
1.73107 cm/s at E=150 kV/cm sT=4 Kd and 1.1
3107 cm/s atE=80 kV/cm sT=300 Kd. These magnitudes
of Vdr obtained for the 30 ns electric pulses are larger than
those we measured for the longer pulses. Interestingly, de-
spite the moderate value of the low-field mobility in the stud-
ied nitride samples, the velocity magnitudes found are close
to theVdr values measured for theperfect modulation-doped
AlGaAs/GaAs structures. Indeed, for lightly doped
AlGaAs/GaAs structuressn<431011 cm−2d with a mobility
of 7600 cm2/V s at T=300 K, it has been foundVdrø1.7
3107 cm/s.12 For another relevant comparison, we calcu-
lated VdrsEd dependence in the model of the shifted Max-
wellian distribution, taking into account known scattering
mechanisms, particularly, electron–optical phonon interac-
tion. In Fig. 2(b), these results are shown for the ambient
temperature 300 K. The theoretical values are slightly larger
than the measured ones. This can be explained by the fact
that, for the 30 ns electric pulses, the Joule heating still ex-
ists. Estimates show that a decrease in the duration pulse to
1–2 ns should lead to somewhat higher velocity.

Now, we shall briefly discuss the electron temperatures
Te in the nitride samples. For moderate electric fields, when
the drift velocity is small in comparison to the thermal elec-
tron velocity (Vdr!Î2kBTe/m, kB andm are the Boltzmann
constant and the effective mass, respectively), Te can be es-
timated by the “mobility comparison” method.8 This method
consists in the measurement of the low-field mobility at dif-
ferent ambient temperaturesmsTd and the measurement of
the hot-electron mobility as a function of the electric field
mhesEd. Since the distribution function of the electrons is
approximately described by the Maxwellian function with
substitutionT→Te, equating the found dependencesmsTed
=mhesEd, one can estimate the functionTesEd. We used the
results presented in Fig. 1 onmsTd in the interval 4.2–350 K
to determine TesEd dependence for the field range
0–18 kV/cm, as presented in Fig. 3. By using this depen-
dence, one can calculate dissipated electrical power per one

FIG. 1. Electron mobility versus ambient temperature. In the inset: ex-
amples of the wave forms of the current and the applied voltage.

FIG. 2. (a) Current–voltage characteristics for two TLM samples. Open
symbols correspond toL=5 mm, T=4.2 K, solid symbols correspond toL
=10mm, T=300 K. (b) Electron velocity versus electric field for the same
samples and temperatures as in case(a); solid curve represents the theoret-
ical dependence.

FIG. 3. Estimated electron temperature versus electric field: open symbols
corresponds to experimental results, solid line to calculated values. Inset:
Dissipated power as a function of inverse electron temperature.
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electronPe as a function of 1/Te. The corresponding data are
shown in the inset to Fig. 3. The high-temperature portion of
these datas200 K,Te,350 Kd can be compared to the en-
ergy relaxation rate via optical phonon emissionPe
=se0/tOdexpf−e0/kBTeg, wheree0 is the optical phonon en-
ergy, andtO is the characteristic time of optical phonon
emission. This equation agrees well with the data presented
in the inset at the parameterse0=92 meV andtO=25 fs
(compare to Refs. 8 and 9). Remarkably, the latter value can
be calculated via the Frölich coupling constanta: tO
=" / s2ae0d. For GaN parameters1 we calculateda=0.41 and
tO=20 fs; both estimates coincide very well.

For high fields andTe.350 K, we estimateTe by ex-
ploiting the following consideration. Under the finite drift
velocity, the energy balance equation has the formeEVdr
=QesTe,Vdrd, where Qe is the rate of energy relaxation,
which is dependent, generally, on both parametersTe andVdr.
The particular form ofQe depends on scattering mechanisms
and will be published elsewhere. Using measured depen-
denceVdrsEd, we can estimate high-fieldTesEd dependence
assuming that the optical phonon scattering is dominant. The
estimate is presented in Fig. 3. Although these estimates il-
lustrate the behavior ofTe in two limiting cases of relatively
low fields and high fields, they allow one to make several
important conclusions. TheTesEd dependence consists of
three different portions: an increase in the temperature up to
350 K at low fieldss,20 kV/cmd, an extended portion with
slow temperature variation from 350 to 500 K in the field
range 20–80 kV/cm, and a fast increase inTe at higher
fields. The first portion corresponds to electron heating by
the field at dominant energy relaxation through the acoustic
phonons. A linear dependence ofVdrsEd and increase in
TesEd at E,5 kV/cm is characteristic for acoustic scattering
of two-dimensional electrons populating the lowest subband,
while at E.5 kV/cm the electrons start to be redistributed
over excited subbands. The second extended portion with a
moderate increase inTe corresponds to hot electrons under
the dominant energy relaxation through optical phonon emis-
sion. Finally, the third portion with a fast temperature in-
crease up to 1700 K is due to a weakening optical phonon
scattering characteristic for the electron with high energy,13

and can be interpreted as a rudiment of the so-called runaway
effect.13,14Further temperature increase is to be suppressed at
the fields above 140 kV/cm by the electron transfer to the
high-energy side valleys. Large temperatures estimated for
E.120 kV/cm can have an impact on performance of
nitride-based devices exploiting the high fields. Particularly,
this “overheating” should lead to large hot-electron noise
spreading up to the terahertz frequency range.

In conclusion, by applying 10–30 ns electrical pulses to
AlGaN/GaN gateless heterostructures, we experimentally
measured low-field and high-field transport phenomena, in-
cluding the drift velocity dependence on the applied electric
field up to 150 kV/cm. Particularly, a current density in ex-

cess 1.5 A/mm was measured at high voltages. These values
are greater by one order of magnitude in comparison with the
currents observed in gated nitride structures. For the mea-
sured samples, high electron concentrations are typical,
which implies that the electron distribution function is deter-
mined by the shifted Maxwellian distribution with two pa-
rameters: the electron temperature and the drift velocity. Es-
timates of thermal budget of the system show that
overheating of the electrons exceeds 1700 K for highest
electric fields achieved in the experiment. It is remarkable
that, although the measured nitride structures had moderate
values of low-field electron mobility, we obtained a magni-
tude of the drift velocity of 1.73107 cm/s at the field
150 kV/cm. This magnitude is still lower than the limit pre-
dicted by theorys,33107 cm/sd; however, it very close to
the Vdr values measured for the perfect modulation-doped
AlGaAs/GaAs structures.12
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