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Abstract
We investigate the electrical conductivity of the dilute nitride alloy GaAs1−xNx , focusing on the
range of concentrations of N over which this material system behaves as a good conductor. We
report a large increase of the resistivity for x > 0.2% and a strong reduction of the electron
mobility, μ, at x ∼ 0.1%. In the ultra-dilute regime (x ∼ 0.1%) and at low electric fields
(<1 kV cm−1), the electrical conductivity retains the characteristic features of electron transport
through extended states, albeit with relatively low mobility (μ ∼ 0.1 m2 V−1 s−1 at
T = 293 K) due to scattering of electrons by N atoms. In contrast, at large electric fields
(>1 kV cm−1), the conduction electrons gain sufficient energy to approach the energy of the
resonant N level, where they become spatially localized. This resonant electron localization in
an electric field (RELIEF) leads to negative differential velocity. The RELIEF effect could be
observed in other III–N–V compounds, such as InAs1−xNx and InP1−xNx , and has potential for
applications in terahertz electronics.

1. Introduction

Progress in the synthesis and engineering of semiconductor
materials has led to improved device performances and
functionalities. In particular, in the last decade, there has
been considerable interest in the physics and applications
of highly-mismatched alloys in which small and highly-
electronegative isovalent N atoms are incorporated onto the
anion sublattice of a III–V compound semiconductor [1].
The most studied material is the GaAs1−x Nx alloy, where a
small percentage of N (x < 1%) perturbs dramatically the
electronic properties of the host GaAs crystal leading to a
large reduction of the fundamental energy band gap [2], an
increase of the electron effective mass [3, 4] and an unusual
response of these properties to hydrostatic pressure [5, 6].
These effects differ from the smoother variation of the
energy band gap and electron effective mass with alloy
composition observed in other semiconductor compounds,
such as InyGa1−yAs. The incorporation of N in GaAs gives
rise to a qualitatively different type of alloy phenomenon: N

impurities and N clusters tend to localize the extended Bloch
states of GaAs at resonant energies in the conduction band
(CB) [7], thus fragmenting the energy–wavevector dispersion
relations [8–10].

The possibility of tailoring the electronic properties of III–
V compounds by N incorporation has stimulated proposals
for innovative devices in optoelectronics [11], band gap
nano-engineering [12] and high-frequency (terahertz, THz)
electronics [13]. However, to date, the implementation
of dilute nitrides in these technologies presents several
challenges, including a degradation of the electron mobility,
μ [14, 15]. Also, despite a rapidly expanding body of work
on the electronic properties of GaAs1−x Nx [2], the range of
N concentrations over which this alloy behaves as a good
conductor is not yet well established.

In this paper, we investigate how the incorporation of N in
GaAs affects the electrical conductivity. Our studies in n-type
GaAs1−x Nx epilayers reveal a large increase of the resistivity,
ρ, for x > 0.2%, which we attribute to the emergence of
defect states with deep (∼0.3 eV) energy levels. Electron
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trapping onto these states is not observed at low x (x �
0.2%). In this ultra-dilute alloy regime and at low electric
fields (F < 1 kV cm−1) the electrical conductivity retains
the characteristic features of transport through extended states,
albeit with relatively low mobility (μ ∼ 0.1 m2 V−1 s−1 at
T = 293 K) due to scattering of electrons by N atoms. We
focus on this ultra-dilute regime and exploit the admixing
of the localized single N impurity level with the extended
conduction band states of GaAs to realize an unusual type
of negative differential velocity (NDV) effect: at large F
(>1 kV cm−1), electrons gain sufficient energy to approach the
energy of the resonant N level, where they become spatially
localized. This resonant electron localization in electric field,
to which we give the acronym RELIEF, leads to NDV and
strongly non-linear current–voltage characteristics I (V ). We
envisage that the RELIEF effect could be observed in other
III–N–V alloys, such as InP1−xNx and InAs1−xNx . In these
compounds the nature of the resonant interaction between the
N level and the conduction band states of the host crystal is
still relatively unexplored [16, 17]. However, it is clear that
the different energy positions of the N level relative to the
conduction band minimum of different materials could offer
new degrees of freedom in the design of the electronic band
structure and electron dynamics.

The RELIEF effect may open up prospects for future
applications in fast electronics. We discuss the maximum
response frequency, fmax, of a RELIEF diode and show that
this can be tuned by the applied electric field in the THz
frequency range. This is of potential technological significance
for the development of detectors/sources in the 0.6–1 THz
region, which is not easily attainable using conventional
transferred electron devices (TEDs) [18] and quantum cascade
lasers [19].

2. Samples

For these studies, we used a series of planar n-doped
GaAs1−x Nx epilayers grown by molecular beam epitaxy on
semi-insulating (100)-oriented GaAs substrates with x = 0,
0.1, 0.2, 0.4 and 1%. The growth sequence is as follows: a
20 nm-thick undoped GaAs buffer layer (growth temperature
TG = 580 ◦C) and an n-type GaAs1−x Nx layer of thickness t =
1 μm, doped with Si to 1 × 1023 m−3 (TG = 500 ◦C). We have
also investigated a number of structures based on GaAs1−xNx

epilayers with different n-type doping (Si: 1 × 1024 m−3 and
Se: 1×1025 m−3) [20], modulation doped GaAs1−xNx quantum
wells [20, 21] and n+–n–n+ GaAs/GaAs1−xNx /GaAs diodes in
which the current flows perpendicular to the growth plane [22].
Our previous studies [20–22] focused on structures with small
N concentrations (x ∼ 0.1%). Here we consider n-doped
GaAs1−x Nx epilayers with a wider range of x and investigate
how the incorporation of N in GaAs changes the electrical
conductivity in both the low and high F-regime.

For measurements at low F (<1 kV cm−1), all samples
were processed into Hall bars. For high-F and NDV studies,
we fabricated two terminal planar devices with small areas
to minimize heating effects. These diodes incorporate a
conducting channel of length L = 1, 2, 5 or 10 μm and

of width W = 1, 2 or 5 μm. Devices with different
geometries share the same electrical properties (i.e. same
resistivity, mobility and critical electric field for NDV). Here
we focus on high-field data for a device with L = 10 μm
and W = 1 μm. We have performed photoluminescence
(PL) experiments on all samples to assess the N-induced
modification of the optical properties. For PL experiments,
the optical excitation was provided by the 514.5 nm line
of an Ar+ laser. The luminescence was dispersed by a
1/2 m monochromator and detected by a cooled (InGa)As
photodiode.

3. Experiments and analysis

3.1. Resistivity measurements

Figure 1(a) shows values of resistivity, ρ, at different T and
B = 0 for a series of GaAs1−x Nx epilayers with different x .
These data reveal a strong increase of ρ at x > 0.2%, which
becomes steeper with decreasing T . Samples with x > 0.2%
have resistivities well above the minimum value, ρmin, for the
disorder-induced metal–insulator transition. This is given by
ρmin = (3π2)2/3h̄e−2n−1/3

e ∼ hλF/e2, where ne is the free
electron density and λF is the Fermi wavelength [23]. The
low resistivity for x > 0.2% is accompanied by a thermally
activated behavior of ρ, see figure 1(b). Also an increase of x
above 0.2% leads to a pronounced quenching and red shift of
the PL emission, see figure 1(c).

As shown in figure 1(b), for x > 0.2% the resistivity
follows an exponential dependence of the type ρ(T ) ∼
exp(�E/kBT ), where �E = (0.15 ± 0.01) eV is a
characteristic activation energy into the conduction band. This
T -dependence indicates that for x > 0.2%, the electronic
transport is largely governed by trapping of electrons onto
localized states below the CB edge. Correspondingly, we
find that the free electron concentration derived from Hall
measurements (ne ∼ 4 × 1021 m−3 at T = 293 K) is
considerably smaller than the nominal value (1 × 1023 m−3)
expected from the level of Si-doping, thus suggesting trap
densities as high as 1023 m−3. This high concentration of traps
indicates that the chemical potential is somewhere between the
energy level of the localized states and the CB edge. Thus,
for x > 0.2%, the binding energy Eb of the electron trap is
approximately equal or larger than �E . This is consistent with
the value of Eb ∼ 0.25 eV extracted from recent PL studies of
nominally undoped GaAs1−xNx epilayers [24] and attributed
to a complex involving a Ga-vacancy (VGa) and a N antisite
(NGa) [25, 26]. The concentration of these acceptor complexes
increases with N content [24–26], in agreement with the strong
reduction of the free electron density and PL intensity observed
in our samples at x > 0.2% (figure 1(c)).

The marked increase of ρ at x > 0.2% is a clear
manifestation of the degradation of the crystal quality and
electrical properties due to the emergence of crystal defects
arising from the N incorporation. We find that the transition
from metallic to insulating behavior at x > 0.2% becomes
less pronounced for higher n-type (Si or Se �1 × 1024 m−3)
doping [20] due to a smaller compensation effect. However,

2



J. Phys.: Condens. Matter 21 (2009) 174209 A Patanè et al

Figure 1. (a) Resistivity, ρ, versus x at different T (B = 0). The
horizontal line shows the minimum resistivity, ρmin, for the
disorder-induced metal–insulator transition. Dotted lines are guides
to the eye. (b) Dependence of ρ versus 1/kBT at different x .
(c) Normalized PL spectra at T = 293 K.

we also note that the increase of ρ at x > 0.2% does not
correlate with the measured decrease of the Hall mobility,
μ. As shown in figure 2, the N-induced quenching of
the Hall mobility manifests itself in the ultra-dilute regime
(x ∼ 0.1%) and tends to saturate at x > 0.2%. Note
that μ is 0.03 m2 V−1 s−1, independent of x for x > 0.2%.
This dependence was also observed in several samples based
on modulation doped GaAs1−x Nx -quantum wells and Si-
doped GaAs1−x Nx epilayers reported by other groups and
ourselves [20, 27–29], see figure 2.

To understand the mobility data, we first consider a simple
model developed by Fahy and O’Reilly [30] in which μ is
controlled by scattering of electrons by a random distribution
of N atoms and is expressed as

μ−1 =
√

3m∗
ekBT

e
π

(
m∗

e

2π h̄2

)2 (
dEc

dx

)2

a3x, (1)

Figure 2. Dependence of μ on x at T = 293 K: comparison of
experimental data with theory. Symbols refer to samples from this
work (full dots) and from the literature. The continuous line is the
calculated mobility from [30]. The dotted line is a guide to the eye.

where kB is the Boltzmann constant, e is the electron charge,
a is the GaAs lattice constant, Ec is the CB edge energy
of GaAs1−xNx and m∗

e is the electron effective mass. Here
Ec and m∗

e are calculated using a two-level band anticrossing
(BAC) model [1]. Using equation (1) and the BAC model,
we find that the x-dependence of μ is mainly governed by
the rate of change of Ec with x . As shown in figure 2, this
dependence describes the characteristic saturation behavior of
the measured mobility at large x , although it fails to reproduce
it quantitatively. A better agreement between theory and
experiment is obtained by taking into account the unusual type
of alloy disorder induced by the N incorporation in GaAs: N
atoms tend to form N–N pairs and N clusters with resonant
energy levels in the conduction band; elastic scattering of the
conduction electrons by these resonant states causes a strong
reduction of μ [14]. As shown in figure 2, for x ∼ 1%, this
resonant scattering model predicts μ = 0.06 m2 V−1 s−1 at
T = 293 K in quite good agreement with the measured value
(μ = 0.04 m2 V−1 s−1 for T = 293 K).

In the next section, we focus on the ultra-dilute regime of
N concentrations (x ∼ 0.1%) for which N clusters and/or other
crystal defects play a minor role. In this regime, we exploit
the unique electronic band structure of GaAs1−x Nx to induce a
resonant electron localization in electric field (RELIEF).

3.2. RELIEF effect

The RELIEF effect is based on the idea of accelerating
electrons to larger energies in the CB by a means of a strong
electric field. Here they become resonantly localized onto
the N levels, leading to a negative differential velocity effect.
To describe the RELIEF effect, we use a semiclassical model
for the electron motion and a BAC model for the energy
dispersion ε(k) curves of the conduction band of GaAs1−x Nx ,
see figure 3(a). In the BAC model, the admixing and
hybridization of the extended conduction band states of GaAs
with the localized single N impurity levels causes a splitting
of the conduction band into two subbands, E− and E+, with
strongly non-linear energy dispersions [1]. Our previous
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Figure 3. ε(k) curve for subbands E− and E+ of GaAs1−x Nx (x = 0.1%). (b) vg(k) curve for electrons in the E− subband of GaAs1−x Nx

(x = 0.1%). (b) vg(k) curves for various III–N–V alloys with x = 0.1%. All curves are calculated using the BAC model with parameters
from [16].

magneto-tunneling spectroscopy experiments [8, 10] provided
a means of probing this band structure at low x (∼0.1%) and
demonstrated that the BAC model offers a simple approach
and a valid physical picture of the electronic properties, even
though it does not describe the details of the localized character
of the N-induced states [7, 9]. In the following section we
discuss the validity and limitations of the BAC model in the
description of the electronic transport of GaAs1−xNx in the
high-field regime.

Figure 3(b) shows the group velocity, vg(k) =
h̄−1 (∂ε/∂k), for electrons in the lower energy hybridized
subband, E−. The group velocity has a maximum at the
inflection point of the ε(k) curve at a given critical k-value,
kth, and falls off rapidly at higher k. The unusual form of the
vg(k) curve arises from the resonant interaction between the
conduction band states of GaAs and the randomly-positioned
N atoms, which leads to resonant localization of electrons at
relatively modest wavevectors, considerably smaller (∼10%)
than the size of the Brillouin zone of the crystal lattice. The
nature of this resonance in other III–V materials, such as
InP1−x Nx and InAs1−x Nx , is still unexplored territory. In these
alloys, the anticrossing effect is expected to occur at higher
electron energies. Therefore, in these compounds it should
be possible to achieve peak velocities considerably larger than
those in GaAs1−x Nx , but with similar and easily achievable
values of kth, see figure 3(c).

The electronic band structure of dilute nitrides has
interesting implications for the dynamics of conduction
electrons when an applied dc electric field, F , accelerates them
towards increasing k-vectors. We derive the dependence on
time, t , of the average energy, ε̄(t), and of the drift velocity,
vd(t), by solving the dynamical balance equations [31–33]:

dvd

dt
= q F

m∗
e(ε̄)

− rvvd, (2)

dε̄

dt
= q Fvd − ri ε̄. (3)

Here q (= −e) is the electron charge, rv = ri + re is
the relaxation rate of the velocity, which includes the energy
relaxation rate, ri , and the elastic scattering rate, re, and m∗

e(ε̄)

is the energy-dependent electron effective mass derived from

the functional form of the E−(k) dispersion. The steady state
solution of equations (2) and (3) leads to the following relations
vd = ri ε̄/q F and ε̄ = q2 F2/(m∗

e (ε̄)rvri), from which we
derive numerically the drift velocity-field characteristic, vd(F).
According to this model, for any value of F , the average
electron energy ε̄ is always smaller than the energy εth of the
electron at the inflection point kth of the E−(k) curve. For
ε̄ < εth, the electron effective mass can be approximated by
m∗

e(ε̄) = m∗
e (0)/(1 − ε̄/εth). Using this expression, we find

that vd(F) reduces to the form

vd (F) = μF/[1 + (F/FT)2], (4)

where μ = e/(m∗
e(0)rv) is the low-field mobility, FT =

pN(rvri )
1/2(1 + D)1/4/2e is the critical field corresponding

to a peak drift velocity vM
d = pN(ri/rv)

1/2(1 + √
1 + D)/

8m0(1 + D)1/4, pN = √
2m0�N, �N is the energy position

of the N level relative to the CB minimum of GaAs (�N =
0.13 eV), m0 is the electron effective mass of GaAs at k = 0,
D = 4V 2

NM/�2
N and VNM = CNMx1/2 (CNM = 2.7 eV) is the

coupling matrix element between the N level and the CB states
of GaAs in the BAC model.

This semiclassical model provides a good description
of the RELIEF and negative differential conductance (NDC)
effects previously observed in modulation doped GaAs1−xNx

quantum wells [21] and in n+–n–n+ GaAs/GaAs1−xNx /GaAs
heterostructures [22] with x = 0.1%. The similarity of the
NDC effect in all these structures indicates that it arises from a
common mechanism, namely RELIEF, rather than from real
space charge transfer [34]. To explore the RELIEF effect
in n-type GaAs1−x Nx epilayers over a wider range of x , we
prepared a series of small planar devices with short and narrow
channels, as shown in the inset of figure 4 for a structure with
channel length L = 10 μm and width W = 1 μm. As shown
in figure 4, the low temperature (T = 77 K) I (V ) of diodes
with x = 0, 0.1 and 0.2% exhibit an ohmic behavior at low
bias, followed by a sublinear V -dependence of the current or a
region of NDC for biases above a threshold value VT. Samples
with x = 0.4 and 1% show a similar saturation of the I (V ),
but at much larger applied biases.

The NDC observed for the GaAs diode (x = 0%) is
due to the well-known transfer electron (Gunn) effect [18].
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Figure 4. (a)–(c) Measured I (V ) at T = 77 K for GaAs1−x Nx with
x = 0, 0.1 and 0.2%. Continuous lines in parts (b) and (c) are the
I (V ) curves calculated using the semiclassical model and parameters
described in the text. Inset in part (a) shows an optical microscope
image of one device. Inset in part (b) compares the measured I (V )
curves at T = 77 K and 293 K for x = 0.1%.

(This figure is in colour only in the electronic version)

The critical field for NDC is FT = VT/L = 5 kV cm−1 at
T = 77 K and is consistent with the typical values expected
for Gunn diodes based on n-doped GaAs. For GaAs1−xNx

samples, the measured I (V ) curves can be instead described in
terms of the vd(F) characteristics predicted by our model. In
figure 4 we plot the I (V ) curves calculated from vd(F) using
the relations V = F L and I = neevdWt , where t = 1 μm
is the thickness of the GaAs1−xNx epilayer, W = 1 μm is
channel width and ne is the electron density derived from Hall
measurements. Each theoretical curve is obtained by using
the low-field mobility, μ, and the critical field, FT, as fitting
parameters. Our fit to the data gives μ = 0.16 m2 V−1 s−1 and
FT = 3.5 kV cm−1 for x = 0.1%, and μ = 0.07 m2 V−1 s−1

and FT = 8.5 kV cm−1 for x = 0.2%. These values of μ are
close to those obtained from Hall measurements on standard
Hall bars (μ = 0.13 and 0.08 m2 V−1 s−1 for x = 0.1%
and 0.2%, respectively) and correspond to a scattering rate
rv = e/m∗

e(0)μ = 1.5×1013 and 3.1×1013 s−1 for x = 0.1%
and 0.2%, respectively. The large values of rv are consistent
with strong elastic scattering due to collisions of electrons by
the N atoms. The increasing elastic scattering with increasing
x tends to shift FT to higher values. In modeling the I (V )

curves, we have neglected space charge effects. These become
increasingly important with increasing bias and can account for
the saturation behavior of the I (V ) curve at high V .

We note that for x > 0, increasing T above 77 K leads
to a large increase of FT and of the high-bias current, see
inset of figure 4(b). This T -dependence differs from that
observed in our GaAs control sample (x = 0%) where thermal
effects are much weaker and consistent with those expected
for Gunn diodes [35]. To understand these data, we first
consider the effect of the electron energy distribution on the
velocity–electric field curves. The analysis of the energy
distribution function derived from the Boltzmann equation
indicates that increasing electric field gives rise to a broadening
of the distribution function in momentum space. However, this
approach leads to almost identical velocity–electric field curves
to those derived when broadening is neglected. We also note
that, due to the large energy gap �G between the E− and E+
subbands (�G � 50 meV for x � 0.1%), Zener tunneling of
electrons between the two subbands becomes important only
at electric fields much larger than those required to reveal the
NDR effect.

Although our model for the drift velocity calculation gives
us a clear physical picture of the RELIEF effect, it neglects the
hybridized nature of the electronic states and their increasingly
localized character as their energy approaches that of the
resonant N level. These states have finite probability to either
capture or release conduction electrons, both processes being
influenced by temperature. The N-induced localized states
and the thermal excitation of electrons out of these states
could explain the stronger T -dependence of the I (V ) curves at
x > 0. This effect merits further investigation and theoretical
modeling.

Finally, we note that the RELIEF effect should
also be present in other III–N–V alloys and/or quantum
confined systems. By designing quantum confined structures
incorporating a range of different alloys, N concentration,
strength of electron confinement and n-type doping, it may
be possible to fine-tune the form of the dispersion curves and
achieve accurate control of the vd(F) and I (V ) curves. In
previous studies [5] we have demonstrated that hydrostatic
pressure provides a test-bed of this band engineering concept.
The pressure-induced increase of the CB edge energy of
GaAs relative to the localized N level leads to a marked
flattening of the ε(k) dispersion curve and hence to a different
k-dependence of the electron group velocity [5]. This
observation suggests that engineering of the energy dispersions
using different alloys and/or quantum confined systems offers
a realistic opportunity for controlling the RELIEF effect and
the corresponding ac electron dynamics, which we discuss in
the following section.

3.3. RELIEF and high-frequency electronics

The ac dynamics associated with the RELIEF effect is
fundamentally different from that occurring in conventional
systems, such as semiconductor superlattices [36] and transfer
electron (Gunn) diodes [18] based on III–V compounds. In
striking contrast to the case of superlattices, the transient
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Figure 5. Dependence of fmax on dc electric field F for GaAs1−x Nx

(x = 0.1%), FT = 3.5 kV cm−1 and δri /rv = 0.01, 0.1 and 1
(continuous lines). The dashed line describes the F-dependence of
f̃ = 1/2πτ̃ , where τ̃ is the time of ballistic acceleration of electrons
to the inflection point kth in the ε(k) curve of the E− subband.

ballistic response of the electron velocity in GaAs1−x Nx does
not reveal time-domain Bloch oscillations. The electron
dynamics also differs from that occurring in GaAs-based
TEDs in which the dynamics is controlled by electron transfer
from the 
-to the L-valleys of the conduction band. The
aim of this section is to understand how the ac dynamics
in GaAs1−xNx is governed by the electronic band structure
and by the balance between the driving force of the electric
field and the relaxation of electron energy and momentum
due to resonant localization and inelastic/elastic scattering
processes.

We model the ac response of electrons in GaAs1−xNx

by solving the dynamical balance equations (2) and (3)
with a field F̃ , which comprises a dc field F and a small
alternating sinusoidal field with amplitude F1 � F and
angular frequency ω, i.e. F̃(t) = F + F1 exp(iωt) + c.c. This
allow us to derive an expression for the electron drift velocity
ṽd(t) = vd + v1 exp(iωt) + c.c., where v1(t) = μ(ω, F)F1

and μ(ω, F) is a complex differential mobility [13]. The
onset of generation/amplification of high-frequency radiation
in the absence of external losses and perfect matching of
the generating system to an external circuit is given by the
condition that the work, W , done by the ac field on electrons
is negative. For small sinusoidal electric fields, this condition
can be written as W = 2μr ( f, F)|F1|2 < 0 or μr ( f, F) < 0,
where μr (ω, F) is the real part of μ(ω, F) and f = ω/2π .
Using this condition, we find that the maximum frequency,
fmax, associated with the NDV in GaAs1−xNx can be expressed
as

fmax = 1

2πτ̃ (F)(F/FT)

[
(F/FT)4 − 1

(F/FT)2 + δ−1

]1/2

, (5)

where δ = ri/rv and τ̃ (F) = √
m∗

e(0)εth/eF ∼ h̄kth/eF is the
field-dependent characteristic time of ballistic acceleration of
electrons to the inflection point at kth in E−(k). Figure 5 shows
the dependence of fmax on F for x = 0.1%, FT = 3.5 kV cm−1

and increasing values of δ = ri/rv. For a given δ, fmax

increases rapidly for F > FT and, in the limit F � FT, it

approaches a maximum value f̃ = 1/2πτ̃ . For a given F , fmax

decreases with decreasing δ. From figure 5 it can be also seen
that for a critical field FT equal to that measured in our sample
at x = 0.1%, the applied electric field provides a means of
tuning fmax up to THz frequencies.

Our semiclassical model of the electron motion gives us
a simple physical picture for the ac dynamics in GaAs1−x Nx .
This arises from the unique CB structure of this alloy in
which a full energy gap exists for electron motion in all
spatial directions. Since electrons can be accelerated very
quickly (τ̃ < 1 ps at F > FT) by an electric field towards
this energy gap, the ac response of electrons can be fast
(∼THz) and is limited only by scattering. Our recent studies
of GaAs1−x Nx have already shown a fast response of the
current in the sub-THz frequency range [37]. Experiments
involving diodes optimized for THz-operation coupled with
a quantitative theoretical model of the THz dynamics will be
now needed to assess the use of GaAs1−x Nx and other III–N–
V alloys in detectors/sources of THz radiation.

4. Conclusion

In conclusion, we have shown that the addition of nitrogen
to the lattice of n-type GaAs acts to modify the electrical
conductivity at both low and high electric fields. The electronic
conduction is suppressed at x > 0.2% due to freezing of the
conduction electrons onto deep crystal defects. These tend
to compensate the n-type dopants by trapping electrons, thus
leading to insulating behavior. These defects play a minor
role at small x (�0.2%). In this ultra-dilute regime, we have
demonstrated that the resonant interaction between the N level
and the extended conduction band states of GaAs leads to
an unusual resonant localization of electrons in electric field
(RELIEF). The investigation of the RELIEF effect in other
III–N–V alloys and the possibility of finely manipulating the
electron dynamics by N atoms could greatly broaden and
enhance our knowledge of this class of materials and could
contribute to the development of new technologies based on
high-frequency electronics. We predict that the maximum
response frequency associated with the RELIEF effect in
GaAs1−x Nx can be tuned by the applied electric field in the
THz frequency range. This region of the electromagnetic
spectrum is often referred to as the THz gap due to the
unfulfilled need for compact, solid state devices that can emit
radiation in this frequency range in a selectable and tuneable
way. Therefore GaAs1−x Nx and other III–N–V alloys could
open up new opportunities in this topical research area of
device physics.
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