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Nanosecond technique was used to control the electron density during the electron drift velocity measurement in the absence
of channel self-heating. A threshold-type hot electron capture is determined to be reducing the density of mobile electrons: the
reduction up to 30% is found in the investigated range of fields below 65 kV /cm at room temperature. No change in electron
density is found in the range below 25 kV /cm. The corrected drift velocity data are presented.
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1. Introduction

Nitride heterostructures with two-dimensional elec-
tron gas (2DEG) channels support excellent high-
power performance of high electron mobility transis-
tors (HEMTs) at microwave frequencies [1-3]. The
highest reported cutoff frequency exceeds 100 GHz
[4,5]. Its dependence on gate length, after a suitable
deembedding procedure, yields the hot electron drift
velocity. The obtained highest values, ~ 1.2-107 cm/s
[6, 7], are several times lower than those expected from
either the traditional Monte Carlo simulation [8] or
the femtosecond laser time-of-flight experiments car-
ried out on GaN diodes [9].

Another way for estimating the electron drift ve-
locity is based on measuring the current along an un-
gated channel. In a GaN-based 2DEG channel at a
high electric field, the estimated velocity is lower as
compared with that in doped GaN [10]. Channel self-
heating [11], electron gas degeneracy [12], accumula-
tion of non-equilibrium optical phonons (hot phonons)
[13, 14], interface roughness [14], AIN phonons [14],
and other effects are considered among the possible
causes responsible for the reduced drift velocity in a
high density 2DEG channel. Despite of recent efforts
to control the causes, the range of maximum reported
drift velocity remains wide, (1. . .3)-107 cm/s [15-17].

The estimation of drift velocity from the current data
often assumes that the electron density is independent
of the applied electric field. However, impact ionisa-
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tion of occupied donors and capture of hot electrons
into empty traps can change the density of mobile elec-
trons in the channel. The aim of the paper is to demon-
strate that a hot electron capture takes place in the un-
doped AlGaN/AIN/GaN channels. The estimation of
the electron drift velocity is reconsidered.

2. Experimental

Molecular beam epitaxy grown nominally undoped
Alp 33Gag 67N/ AIN/ GaN heterostructures were inves-
tigated. A 1 pum thick GaN buffer layer was grown
on a sapphire substrate, the layer was overgrown
with a 1.5 nm layer of AIN and a 12 nm layer of
Al 33Gag 67N, and the latter was covered with a 30 nm
layer of SigN, for protection. Spontaneous polarization
and piezoelectric fields were responsible for the 2DEG
formation. The electron sheet density was estimated at
a low electric field: n = 1- 103 cm™2,

Coplanar Ti/Al/Ti/ Au electrodes were formed at
1080 K. Samples for the current measurements had two
ohmic electrodes each. The results are presented for
the samples with 100x 100 pm? contact pads, the gap
between the electrodes is 5 pm.

Figure 1 illustrates a schematic band diagram of an
AlGaN/AIN/GaN heterostructure with a degenerate
electron gas confined in the GaN layer. Let us assume
that shallow traps are present in GaN. At equilibrium,
the trap levels are occupied when located below the
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Fig. 1. A schematic band diagram for an AlIGaN/AIN/GaN chan-
nel with a 2DEG. Dotted line is Fermi energy. Occupied traps con-
tain a circle. Arrows stand for impact ionisation (/) and capture

Q).

Fermi energy, but they are empty elsewhere. Under
bias, the electrons are accelerated by the applied elec-
tric field, acquire excess energy, and interact with traps.
Two possible processes can take place: a high energy
electron can either ionise an occupied trap in the chan-
nel (Fig. 1, process /) or be captured by an empty trap
located at some distance from the channel (process 2).
The electrons must be activated in order to take part in
these processes. The electron density would increase
if the impact ionisation took place. The capture would
reduce the electron density.

Our goal is the experimental study of possible
changes in the electron sheet density caused by the
electron heating. For this purpose, we measure current
at a low bias before and after a short pulse of a high
voltage. The short pulse (~1.5 ns) of voltage is gener-
ated by a charged coaxial line and a mercury-wetted re-
lay (see pulse p, inset of Fig. 2). Pulse p triggers a slave
generator that sends a step of low voltage to the sam-
ple (step s). The pulse and step arrivals are controlled
with the delay lines. The pulse heats the electrons, and
the step voltage probes the sample conductance before
and after the pulse. The channel self-heating due to the
pulses is estimated to be negligible.

The signal is fed to the sampling oscilloscope. The
channel conductance is determined at 2 kV/cm field
before and after the high field pulse. When the
high voltage is off, the sample mobility recovers fast
enough, but the conductance returns to its initial value
relatively slowly (the time constant is 150-200 ns).

Reasonable results on the low field conductance are
obtained after a 5 ns time delay following the high volt-
age pulse. Such a delay is a compromise: measuring a
weak signal immediately after the pulse of a high volt-
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Fig. 2. Field-dependent relative electron sheet density for Al-

GaN/AIN/GaN at room temperature. Symbols stand for the ex-

perimental data, solid line guides the eye. Inset shows a high field
pulse (p) superimposed over the step of a low field (s).

age is not accurate because of ripples due to a para-
sitic RLC circuit (pad capacitance, whisker inductance,
voltage source impedance, etc.) and a piezo-acoustic
wave resonance in the GaN layer. A longer delay is
helpful. However, the delay should not be too long for
obtaining data on the high-field-induced changes in the
electron density.

Let I and I4 stand for the current before and af-
ter the high voltage pulse, respectively. Since the elec-
tric field during the measurement is the same, one has
n(E)/ng = Ia/Ip, where n(E) is the electron sheet
density at a high electric field and ng is the equilibrium
sheet density. The inaccuracy due to the delay and the
recovery makes a couple percent of the field-induced
change.

3. Experimental results and discussion

The field-induced changes in the electron sheet den-
sity are illustrated in Fig. 2. The horizontal axis
presents the peak value of the electric field applied dur-
ing the short pulse. The decrease in the electron den-
sity is evident at a high bias. The threshold field is es-
timated to be 25 kV/cm. The relaxation time of the
recovery is estimated to be 150-200 ns.

Let us interpret the results in terms of hot electron
capture. After Fig. 1, the hot electrons can be captured
by the empty traps located in GaN at some distance
from the channel (process 2). The results show that no
capture takes place until, at £ > 25 kV /cm, the elec-
tron temperature becomes high enough (over 1000 K

[18]).
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Fig. 3. Electron drift velocity in AlGaN/AIN/GaN channel

(squares, present paper) and the result obtained under assumption
of constant electron density (stars [17]).

When the electron sheet density is not constant,
there is no proportionality between the current and
the drift velocity. Therefore, the results on the elec-
tron drift velocity obtained under assumption of field-
independent electron sheet density should be reconsid-
ered. Squares in Fig. 3 present the result for the elec-
tron drift velocity after the correction for the hot elec-
tron capture. The correction exceeds 30% at 65 kV /cm
electric field.

4. Conclusion

In undoped AlGaN/AIN/GaN channels, the elec-
tron density is found to depend on electric field applied
in the plane of electron confinement. The measured
dependence is used for correction of the electron drift
velocity estimated when the electron capture has been
ignored.
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Santrauka siekia net 30% kambario temperatiiroje, kai lauko stipris artimas
Nanosekundine impulsine technika, leidZiandia i$vengti kvan- 6.5.kV/ cm. Kal. laukai §1lpnesn1 uz 25 kV/ cvrn, el‘ektrf)nu tankio
tinés protakos kaitimo, buvo matuojamas elektrony dreifo greitis kitimo nepastebéta. Pateikta pakoreguota, atsizvelgiant i elektrony
ir elektrony tankio pokytis. Pastebéta, kad dél karstujy elektrony tankio kitima, elektrony dreifo grei¢io priklausomybé nuo elektri-

pagavimo sumazéja judriyjy elektrony tankis. Sumazéjimas pa- nio lauko stiprio.



