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The phenomenon of resonant tunneling transport through polar double-barrier heterostructures is sys-
tematically investigated by a combined experimental and theoretical approach. On the experimental side,
GaN/AIN resonant tunneling diodes (RTDs) are grown by molecular beam epitaxy. /n situ electron diffrac-
tion is used to monitor the number of monolayers incorporated into each tunneling barrier of the RTD
active region. Using this precise epitaxial control at the monolayer level, we demonstrate exponential
modulation of the resonant tunneling current density as a function of barrier thickness. At the same time,
both the peak voltage and the characteristic threshold bias exhibit a dependence on barrier thickness as a
result of the intense electric fields present within the polar heterostructures. To get further insight into the
asymmetric tunneling injection originating from the polar active region, we present an analytical theory
for tunneling transport across polar heterostructures. A general expression for the resonant tunneling cur-
rent that includes contributions from coherent and sequential tunneling processes is introduced. After the
application of this theory to the case of GaN/AIN RTDs, their experimental current-voltage characteristics
are reproduced over both bias polarities, with tunneling currents spanning several orders of magnitude.
This agreement allows us to elucidate the effect of the internal polarization fields on the magnitude of
the tunneling current and broadening of the resonant tunneling line shape. Under reverse bias, we iden-
tify new tunneling features originating from highly attenuated resonant tunneling phenomena, which are
completely captured by our model. The analytical form of our quantum transport model provides a sim-
ple expression that reveals the connection between the design parameters of a general polar RTD and its
current-voltage characteristics. This new theory paves the way for the design of polar resonant tunneling
devices exhibiting efficient resonant current injection and enhanced tunneling dynamics as required in

various practical applications.
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I. INTRODUCTION

Resonant tunneling of electrons is an ultrafast quantum
transport process that is essential for the operation of var-
ious electronic and photonic devices. The versatility of
this transport regime stems from the possibility of tuning
the tunneling dynamics by means of band-gap engineer-
ing, enabling ultrafast carrier injection into discrete energy
levels [1-4].

This important feature has been exploited over recent
decades for the design of increasingly fast resonant tun-
neling diodes (RTDs), leading to the demonstration of
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subpicosecond tunneling times on the order of approxi-
mately 35 fs [4]. The possibility of engineering transport
dynamics, combined with their characteristic negative dif-
ferential conductance (NDC), makes RTDs attractive for
the manufacture of ultrafast electronic oscillators [3—5].
With oscillation frequencies well inside the terahertz band,
RTDs stand out as viable sources of terahertz radiation
used in practical applications such as high-data-rate com-
munication networks and on-chip spectroscopy systems
[6-8].

On the photonics side, resonant tunneling transport is
engineered to control the injection and depopulation times
of the upper and lower lasing levels of quantum cascade
lasers (QCLs) [2]. In these devices, the characteristic tun-
neling times, controlled by the height and thickness of the
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tunneling barriers, are designed to attain population inver-
sion and optical gain. As an added benefit, QCLs offer
the possibility of tuning their lasing frequency by means
of band-structure engineering. As a result, a broad range
of operating frequencies can be obtained with a single
material system. This versatility makes QCLs useful in a
variety of practical applications, including metrology [9],
spectroscopy [10], and biomedical imaging [11].

Over recent decades, considerable progress has been
made in the performance of terahertz RTD oscillators
and QCLs manufactured with well-developed semicon-
ductor materials, such as GaAs/Al,Ga;_,As [12] and
In,Ga;_cAs/In,Al;_,As [3]. Despite these advances,
those technologies still exhibit limitations that prevent
their widespread use. In this scenario, alternative material
systems are necessary to overcome the power and tem-
perature limitations of arsenide-based resonant tunneling
injection.

The III-nitride family of wide-band-gap semiconductors
stands out as a promising alternative for the develop-
ment of resonant tunneling devices. During the last two
decades considerable effort has been dedicated to the engi-
neering of resonant carrier injection within this material
system [13-38]. At the heart of this initiative lies the
outstanding material properties that III-nitride heterostruc-
tures offer for the design of high-power RTD oscillators
and room-temperature intersubband lasers.

III-nitride semiconductor materials hold the promise for
extending the lasing frequencies and operating temper-
atures of intersubband emitters. This is possible due to
the high LO-phonon energy (hwro ~ 92 meV in GaN),
which prevents thermal depopulation of the upper lasing
level at room temperature. With their large conduction-
band offsets and high breakdown electric fields, nitride
heterojunctions are also suitable for high-power applica-
tions. On the basis of these properties, RTDs manufactured
with nitride semiconductors stand out as ideal candidates
for high-power ultrafast electronic oscillators.

The first microwave oscillators driven by Ill-nitride
RTDs were recently fabricated by the authors using
double-barrier GaN/AIN heterostructures as gain elements
[38]. This milestone, in conjunction with the demonstra-
tion of high resonant tunneling currents at room tem-
perature [37,38], paves the way for the development of
III-nitride ultrafast terahertz oscillators.

Harnessing nitride-based resonant tunneling injection
requires, however, a thorough understanding of the role
played by the strong polarization fields present along the
tunneling path. The noncentrosymmetric crystal structure
of Ill-nitride materials gives rise to intense spontaneous
and piezoelectric polarization fields, which have been used
for band-structure engineering. This technique, known
as “polarization engineering,” has been implemented in
various electronic and photonic devices to induce two-
dimensional and three-dimensional electron gases [39,40],

assist in p-type doping [41], and enhance Zener inter-
band tunneling [42]. However, the important consequences
of these internal electric fields on intraband resonant
tunneling have not been systematically investigated.

Tunneling transport, being exponentially sensitive to
potential barriers and electric fields, is a unique experimen-
tal probe into the dramatic effects of the polarization fields.
In a previous report, we elucidated the crucial role played
by these internal fields in the main tunneling features of
polar II-nitride RTDs [36]. The asymmetric tunneling
injection, induced by the polar heterostructure, manifests
itself not only in the forward resonant voltage and peak
tunneling current but also in the reverse-bias direction. In
this regime, a critical threshold voltage, unique in polar
RTDs, was identified for the first time [36].

In the present work, on the basis of a combined experi-
mental and theoretical approach, we investigate the control
exerted by the tunneling barriers on the resonant current
injected through the polar double-barrier structure. Exper-
iments comprise the growth, fabrication, and characteri-
zation of GaN/AIN RTDs in which we engineer different
magnitudes of resonant current densities by systematically
varying the thickness of the tunneling barriers.

On the theoretical side, we develop an analytical trans-
port theory for tunneling injection across polar RTDs.
The Landauer-Biittiker quantum transport model is used to
derive an expression for the resonant tunneling current that
includes contributions from coherent and sequential tun-
neling processes [43—46]. This analytical approach sheds
light on the asymmetric tunneling transport caused by the
polar active region. After the application of this theory
to the case of GaN/AIN RTDs, the experimental current-
voltage (J-V) characteristics are reproduced over several
orders of magnitude. This agreement allows us to eluci-
date the effect of the internal polarization fields on the
magnitude of the tunneling current and broadening of the
resonant tunneling line shape. Furthermore, under reverse-
bias injection, we identify new tunneling features originat-
ing from highly attenuated resonant tunneling phenomena,
which are also completely captured by our model.

I1. GaN/AIN POLAR RESONANT TUNNELING
DIODES

To systematically investigate resonant tunneling injec-
tion across polar heterostructures, we prepare a set of
double-barrier GaN/AIN RTDs. The device structures are
grown by molecular beam epitaxy on the ¢ plane of
single-crystal GaN substrates. The growth conditions are
optimized to promote step-flow growth mode, therefore
minimizing the roughness of the epitaxial layers. These
conditions are critical for attaining atomically smooth het-
erointerfaces that promote quantum interference in the tun-
neling electrons. The structures presented here are grown
under metal-rich conditions, with the use of a constant
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nitrogen plasma power of 200 W and a substrate tempera-  number of monolayers incorporated into each tunneling
ture fixed at 740 °C. barrier [48].

Growth rates are measured in situ from the intensity Figure 1(a) displays the equilibrium band diagram
oscillations of the reflection high-energy electron diffrac-  of each of the grown structures, calculated with a
tion (RHEED) pattern. With this technique, we obtain an  self-consistent Schrddinger-Poisson solver, within the
incorporation rate of approximately 7 s per monolayer.  framework of the effective-mass equation [47]. The spon-

This result is verified, ex sifu, by high-resolution x-ray  taneous and piezoelectric polarization dipoles are con-
diffraction, which not only confirms the growth rate but  sidered across the whole device structure. The periodic
also allows us to measure the thickness and composition  arrangement of these polarization charges results in zero
of the different epitaxial layers. average charge density within the bulk regions. In contrast,

The inset in Fig. 1(a) shows schematically the complete  at the GaN/AIN (AIN/GaN) interfaces the intensities of
epitaxial structure of the grown samples. Two degenerately  the polarization dipoles exhibit a large discontinuity, which
doped n-GaN layers are grown as contact regions, extend-  results in a net nonzero polarization charge +go, (—goy).
ing 100 nm. Silicon donors are incorporated into these = These effective polarization charges induce a redistribution
layers with a nominal concentration of 2 x 10! cm™3. To  of free carriers that significantly alters the conduction-
minimize dopant diffusion into the active region, spacers  band profile [49]. The two-dimensional electron gas next
are introduced next to each tunneling barrier. The thick-  to the emitter barrier is a consequence of the positive net
nesses of the emitter and collector spacers are 10 and 6  polarization charge at the GaN/AIN interface (o, = 6.5 %
nm, respectively. The double-barrier active region consists ~ 10'3 ¢cm™2) and its large conduction-band offset, which
of two symmetric AIN tunneling barriers with thickness  attract and confine free carriers [50].

t, that confine the resonant states of a 3-nm-wide GaN On the collector side, a similar effect occurs at the
quantum well. AIN/GaN interface; however, the net negative polariza-

Three different heterostructures with differing AIN bar-  tion charge repels free carriers, inducing a wide deple-
rier thickness (#, = 1.5, 2.0, and 2.4 nm) are grown  tion region [see Fig. 1(a)]. The energy drop across the
epitaxially. Control over the layer thickness at the mono-  depleted collector can be a large fraction of the GaN band

layer level is achieved by tracking the RHEED inten-  gap (E; = 3.4 eV) and depends strongly on the thickness
sity during the incorporation of the AIN layers. With  of the tunneling barriers. This effect is a direct conse-
this technique, we are able to count, in real time, the  quence of the electric polarization of the AIN layers,
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FIG. 1. Different magnitudes of resonant tunneling current are engineered in GaN/AIN RTDs by systematically varying the thickness
of the AIN barriers. (a) The equilibrium conduction-band diagram (E¢) of the double-barrier active region of each sample is calculated
with the use of a self-consistent Schrodinger-Poisson solver [47]. The energy of the ground-state inside the quantum well rises toward
higher values with increasing barrier thickness. The inset schematically depicts the complete device structure, including the uninten-
tionally doped (UID) spacer layers and doping levels of the contact regions. When the devices are biased, asymmetric current-voltage
characteristics are observed. (b) Under forward bias, the characteristic resonant peak and negative differential conductance shift toward
larger voltages for thicker AIN barriers. Because of the strong tunneling attenuation, the magnitude of the peak current is modulated
over 2 orders of magnitude when the barrier thickness is increased from 1.5 to 2.4 nm. The currents in (b) are scaled by different factors
to facilitate direct comparison. (¢) Under reverse bias, the polarization-induced threshold voltage (V) exhibits a linear dependence on
the barrier thickness. This result, consistent with theoretical predictions, allows measurement of the internal polarization fields [36].
The magnitude of this critical voltage is experimentally determined with the linear-interpolation procedure described in Sec. II. The
dashed lines indicate the linear fits, with Vy, as the voltage intercept.

034032-3



JIMY ENCOMENDERO et al.

PHYS. REV. APPLIED 11, 034032 (2019)

. Double . Double
(a) B Emitter | barrier , Collector % (d) ) ; f (f) _ Emitter  ormier | Collector %
— I 1074 = J total I !
2 Voias = =3.3V ) /\ 4 Voias =0V
J ‘IRT
DT Ef] & 102
° ﬁi 5 (3)
/ $ ‘]RT
— =2
-2 é} 1004 JDT
_ Ep Threshold bias | 8
— : . — - ]
C
b o
( ) Voias = -2.3V 5 10724
27 Jpr O
2_
< (3) = 3 <
E JRr 7 Eyy E |
> 0 ‘/ 10‘4 > Ef1 L J(Ii)l"
2 IO gomev| & 0f=========x]
g | : o+i | g
W Ep e 0 - ) ! L
29 Reserve bias ( ) 10 1 Forward bias
T L e T T T T g 10724 — T T T
3 3
(c) Viias = -13V % 10744 Viias = 5.6V
27 5_ 10—6:
JO 5 1 £ | JO
RT /- 2 48] B RT
oA @2 E
____E/_2 _____ % 10—10_
9 10—12: -
-2 Low reverse bias| ™ 3 Resonant bias
T — T — T T —14 . | | | | | — T T T T T T T T T T
100 110 120 130 0T T T T T T T 100 110 120 130

Distance (nm) Voltage (V) Distance (nm)

FIG. 2. Quantum transport model for resonant tunneling injection across polar double-barrier heterostructures. The current-voltage
characteristics of a GaN/AIN RTD are calculated using analytical expressions for the various tunneling current components. under
reverse bias are displayed in panels (a)<(c). (a) When the device is biased at the threshold voltage Vy, = —21,F, the flatband con-
figuration enhances the direct-tunneling-current component Jpt, which becomes the dominant transport mechanism. At this critical
voltage, both AIN barriers sustain a finite electric field, which originates from the internal polarization charges. (b),(c) For voltages
below the critical threshold bias (i.e., Vin < Viias < 0), transport is also mediated by resonant tunneling injection. In this regime, the
large asymmetry between the tunneling barriers results in strongly attenuated resonant-tunneling-current components (J}g'?). Panel (d)
displays each of each these tunneling-current components. Their sum, the total tunneling current J,,,,, is displayed by the dashed black
line. (e) As a result of the internal polarization fields, polar RTDs exhibit a strong asymmetry between the single-barrier transmission
probabilities. Under reverse bias the increasing asymmetry between T{EI) and 72 )leadstoa highly attenuated resonant tunneling current

[See J1§1T) in d]. In contrast, under forward bias, Tg) and T(Cl) become more symmetric, resulting in an enhancement of the maximum
electron transmission 7'!) . Panels (f)~(h) show the RTD band diagrams at equilibrium and forward bias. (f) Under equilibrium condi-
tions, a wide depletion region builds up next to the collector barrier and the ground-state energy rises approximately 1 eV above the
equilibrium Fermi level (dashed black line). (g) Under forward bias, the current is supported by resonant tunneling electrons injected
across the double-barrier structure (J]ST) ). The transparency of the active region increases as the tunneling transmission of each barrier
becomes more symmetric. (h) Maximum resonant injection is reached at the resonant bias, when the ground-state eigenenergy aligns
with the Fermi energy of the emitter reservoir. The resonant tunneling component J]ng) injected through the first excited state is also
calculated.

which sustain intense electric fields on the order of F} ~
8MV/cm. As a result, the effective tunneling path across
both barriers is heavily modified; carriers will also tun-
nel across the GaN layers when the devices are biased
at resonance [see Fig. 2(h)]. In addition to the strong
modulation in electron transmission, thicker barriers will
also generate higher ground-state energies. Self-consistent
calculations indicate an energy change of approximately
100 meV per AIN monolayer, assuming symmetric bar-
riers. This energy shift can be seen in Fig. 1(a), which
also displays the square moduli of the ground-state
wavefunctions, plotted at their respective eigenenergies.

Consequently, the resonant peak is expected to occur at
larger peak voltages for devices with thicker tunneling
barriers [36].

To corroborate the previous predictions, diodes are fab-
ricated by conventional photolithography, electron-beam
metal evaporation, and dry etching. Details on the fabrica-
tion steps can be found in Ref. [36]. After processing, the
devices are tested at room temperature with injection cur-
rents up to 30 kA/cm?. Typical J-V curves are presented
in Figs. 1(b) and 1(c). Resonant tunneling injection with its
hallmark NDC is observed under forward bias in each of
the fabricated devices.
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FIG. 3. Comparison between experimental results and theoretical calculations obtained with our analytical resonant tunneling trans-

port model. (a) Room-temperature J-V characteristics as a function of the barrier thickness measured from the fabricated RTDs. (b)
Theoretical J-V characteristics calculated with Eq. (7) for different levels of incoherent tunneling transport, determined by the total
width T',;;. A parasitic resistance py is also included in series with the ideal RTD to capture the effects of the access and contact
resistances [see the inset in (¢)]. The values of p, for each diode are presented in Table (I). (c) Differential resistance under reverse-bias
conditions for the RTD with #, = 1.5 nm. The arrows indicate regions of resistance modulation corresponding to the peak currents
of the different resonant tunneling components. These features are completely captured by our analytical model, demonstrating good
quantitative agreement. Under high reverse bias (Vpias < Vi), the differential resistance is controlled mainly by the series resistance
ps. The inset shows the equivalent-circuit model of the RTD including the parasitic series resistance.

As a result of the exponential relationship between bar-
rier thickness and electron transmission, the intensity of the
tunneling current is modulated over several orders of mag-
nitude. This is experimentally observed in our devices as
shown in Figs. 1(b) and 1(c) and more clearly in Fig. 3(a).
By decreasing the thickness of the AIN barriers from 2.4 to
1.5 nm, the peak current density increases from 2.52 x 10?
t0 2.55 x 10* A/cm? [see Figs. 1(b) and 3(a)]. To facilitate
direct comparison, in Fig. 1(b) the forward-bias current of
the diodes with #, = 2.0 nm and 7, = 2.4 nm is scaled by a
factor of 20 and 40, respectively. From Fig. 1(b) we also
extract a maximum peak-to-valley current ratio (PVCR)
of 1.55, measured in the sample with the thinnest barriers.
We attribute this enhanced PVCR to the low peak voltage,
V, = 5.66 V, which limits the injection of excess current
across the active region.

Because of the intense electric fields across the barri-
ers and the quantum well, the peak voltage shifts toward
higher values for thicker barriers [see Fig. 1(b)]. The
dependence of this characteristic voltage as a function of
the different layer thicknesses and intensity of the polariza-
tion fields was derived previously [36]. Using this theory,
we find that the theoretical peak voltages are consistent
with the experimental values measured in our devices.

The strong polarization fields have an even more dra-
matic influence on the reverse-bias injection of polar
RTDs. As the reverse bias increases, the collector depletion
region shrinks and the emitter barrier shifts toward lower
energies with respect to the collector side, which now

injects the tunneling carriers [see Fig. 2(b)]. A critical
threshold voltage is reached when all the space charge
within the doped layers is screened and the depletion
region is completely removed. At this bias point, the sole
sources of electric field in the active region are the net
polarization charges: o, . The band diagram in Fig. 2(a)
depicts this critical condition, which depends on only two
parameters [36]: (a) a material parameter (the magnitude
of the spontaneous and piezoelectric polarization fields,
F, =eo;/e) and (b) a structural parameter (the thick-
ness of the tunneling barriers, #;). This intimate connection
between the critical threshold voltage and the polarization
charges was recently exploited as a sensitive measurement
probe of the intense polarization fields present in [II-nitride
crystals [36].

The polarization-induced threshold voltage V3, is also
extracted from the set of devices under investigation.
Figure 1(c) shows the current-voltage characteristics of
these devices over a voltage range spanning from Vi =
—6 V to Vpias = 10 V. As expected, the threshold volt-
age exhibits a clear modulation as a function of barrier
thickness. To experimentally extract Vy,, it is important
to uncouple the voltage dropped in the parasitic series
resistance p, from the intrinsic voltage applied across the
double-barrier active region [see the inset in Fig. 3(c)].
To do so, we extract Vy, as the voltage intercept of the
linear interpolation of the J-V curve under high-current-
injection conditions (i.e., J > 10 kA/cm?). This method
is illustrated in Fig. 1(c), which also includes—as dashed
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lines—the linear fits to the current-voltage characteristics.
The extracted Vi, values exhibit a linear dependence on
barrier thickness, which confirms the validity of the elec-
trostatic model introduced previously [36].

After developing an analytical quantum transport model
in the next two sections, we show that under high injec-
tion levels (i.e., J > 10 kA/cm?), the current and voltage
are both controlled mainly by the series resistance (see
Sec. V). Consequently, the linear-interpolation method
introduced here allow us to accurately extract the magni-
tude of the threshold voltage by uncoupling the parasitic
effects of the series resistance.

III. COHERENT TUNNELING TRANSPORT
MODEL FOR POLAR RTDS

To quantitatively explain the experimentally measured
magnitudes and shapes of the resonant tunneling currents
across polar heterostructures, we develop an analytical
transport theory based on the quantum scattering approach
introduced by Landauer and Biittiker [45,46,51]. Our ini-
tial model assumes completely coherent tunneling injec-
tion. We then relax this constraint to include the effects of
inelastic scattering events, which are pervasive in resonant
tunneling devices (see Sec. [V).

The expression for the tunneling current leads to the
well-known Landauer formula in the case of a one-
dimensional system [46,51] and to the Tsu-Esaki formula
in the case of a three-dimensional conductor [52]:

kT 1+

em* + e '

=5 2h3/ T (E)In Ty F dE, (1)
14+ e *T

where e, m*, and T are the electron charge, the effective
mass, and temperature, respectively; Er; and Er, are the
Fermi energies of the contact regions, which supply and
gather the tunneling carriers as shown in Fig. 2; F is the
energy of the incident electrons, £ and A are the Boltz-
mann and reduced Planck constants. 7 (E) is the transmis-
sion probability across the double-barrier structure, which
exhibits resonances due to quantum-interference effects.
Around the resonant energies E™ (n € {1,2,...,N}), the
transmission function can be approximated
order—by the Breit-Wigner expression [44,53—55]:

2

r
(EEﬁ(")>223—<#)2’ 2

where ' and T{"), are the elastic width and amplitude of
the nth resonant peak.

The parameters of each resonant line shape (i.e., E®,
'™, and T ) are bias dependent. Expressions for the

max

T"NE) =T

max

elastic width and resonance amplitude can be found else-
where [36,54,55]; however, we reproduce them here for
the sake of completeness:

ro B é,/ZE;m/m* (Tg’) .\ Tgl))

2 T2 (3a)
e
max — T(,,) T(,,))z (3b)

where ¢, and m* are the width and effective mass of the
quantum well, respectively, and 7}” ) and T<C" ) are the emit-
ter and collector single-barrier transmission probabilities
at the nth resonant energy E. From these equations, it
can be seen that the bias dependence of each resonance is
captured by the following three parameters only: E®, T,

and T<C” ). These variables can be calculated from the RTD
band diagram under different biasing conditions as can be
seen in Figs. 2(a)-2(c) and 2(f)-2(h).

An important difference between polar and nonpolar
RTDs is the considerable asymmetry between the effective
tunneling barriers. This effect, caused mainly by the wide
collector depletion region, can be seen in the equilibrium
band diagram displayed in Fig. 2(f). To quantify this effect,
we use the Wentzel-Kramers-Brillouin (WKB) approxima-
tion for the calculation of the single-barrier transmission
coefficients. Figure 2(¢) shows 7%, 70, and T\) as a
function of the applied voltage Vblas. At equilibrium, the
significant asymmetry between the barrier transparencies
(Tg) / Tg )~ 10%) strongly influences the resonance width
and maximum resonant transmission of the ground state
[see Eq. (3)]. However, under nonequilibrium conditions
the single-barrier transmission probabilities are modulated
exponentially as can be seen in Fig. 2(e).

Under forward bias, the electric field in the depleted
GaN region increases, leading to an exponential increase
in the collector barrier transmission as can be seen
in Figs. 2(e) and 2(g). In contrast, the transparency
of the emitter barrier decreases due to the quantum-
confined Stark effect, which shifts the bound-state energy
toward lower values, thus increasing the effective emit-
ter tunneling distance. These trends make the single-
barrier transmission coefficients more symmetric, thus
enhancing the double-barrier resonant transmission 7')
[see Fig. 2(e)].

It is well known that perfect transparency of the double-

barrier structure (i.e., 7% = 1) is attained only when both

barriers exhibit equal transmission coefficients: T<") T(")
[56]. For the case of nonpolar RTDs with symmetric bar-
riers, prefect transmission occurs at equilibrium, without
carrier injection. In contrast, polar RTDs are able to reach
perfect resonant transparency under nonequilibrium condi-
tions, enabling maximum carrier injection into the resonant
levels.
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For the GaN/AIN RTD presented in Fig. 2, symmetric

single-barrier transparency (i.e., T(l) T“)) and unitary
resonant transmission (i.e., Tfr}gx = 1) is attained when
Vvias = 3.7 V, as can be seen in Figs. 2(e) and 2(g). At
this point, the active region is completely transparent to
electrons injected at the eigenenergy EV. However, since
the resonant level is still approximately 300 meV above
the emitter Fermi level, carrier supply is limited by the
Fermi-Dirac tail at the emitter contact. Consequently, if
the forward bias is increased, a larger number of carri-
ers will be available for conduction and the current will
increase until the subband energy aligns with the Fermi
level Er;. This resonant configuration occurs at the peak
voltage Viis = 5.6 V [see Fig. 2(h)], with a resonant trans-
mission peak 7)) ~ 107!, as can be seen from Fig. 2(e).
From this analysis, it is clear that higher peak currents
are expected from polar double-barrier structures designed
to exhibit perfect carrier transparency at the resonant

voltage.

Under reverse bias, however, perfect transparency
across the double-barrier structure cannot be attained for
the case of polar RTDs with symmetric barriers. This
can be seen from Figs. 2(b) and 2(c), which show the
device band diagrams under reverse-bias conditions, and
from Fig. 2(e), which shows the calculated transmission
probabilities. As the applied voltage becomes more neg-
ative, the transparency of the collector barrier decreases
since the quasibound state shifts toward lower energies.
The net result of this transition is an increase in the
effective tunneling distance, leading to a more-opaque col-
lector barrier at the resonant energies [see Fig. 2(c)]. In
contrast, the transparency of the emitter barrier increases
rapidly due to the larger intensity of the electric field
across the AIN barriers [see Fig. 2(b)]. These opposite
trends in single-barrier transmission coefficients result in a
heavily attenuated tunneling injection under reverse bias.
This can be seen in Fig. 2(d), which displays the cal-
culated resonant tunneling currents Jé'}) injected through
the nth resonant level. These results are discussed in
the next section after the introduction of an analytical
expression for the components of the resonant tunneling
current.

As discussed in Sec. II, a critical flat-band configura-
tion is reached when the width of the depletion region
is completely suppressed. From Fig. 2(a), it is clear that
the tunneling current at this point is not supported by
resonant tunneling injection since the quasibound states
are well below the energies at which the collector sup-
plies tunneling carriers. Instead, electrons are injected by
direct tunneling through the collector barrier, which sus-
tains an electric field equivalent to the internal polariza-
tion field (£). The direct tunneling current Jpt can be
calculated with the Tsu-Esaki integral and the tunneling
transmission function across the effective collector barrier

Teol(E):

em™ kT 1 + e Eri—B)kT
Jor = Py / Teot (E) In <TE)/"T> dE, (4)

Efy and Ey; are the Fermi levels of the reservoirs that sup-
ply and gather the tunneling carriers as labeled in Fig. 2(a).
Teo1(E) is calculated with use of the WKB approximation,
which can be used for an arbitrary tunneling barrier:

Teot (E) ~ exp (—2 / V2m* () [Ecx) — E1/h dx) :
1%
(5)

where @ represents the tunneling path across the effective
potential barrier, £.(x) is the conduction-band profile, and
m*(x) is the effective mass, which is position dependent
along the integration path &. Figure 2(d) shows the calcu-
lated direct tunneling current Jpt, which exhibits a mono-
tonic increase as the collector barrier becomes increasingly
transparent to the incident electrons.

IV. COHERENT AND SEQUENTIAL TUNNELING
TRANSPORT MODEL FOR POLAR RTDS

In this section, we consider the consequences of inelas-
tic scattering events on the resonant tunneling current
injected across polar heterostructures. In contrast to the
completely coherent tunneling picture discussed in the pre-
vious section, the presence of inelastic scatterers leads to
the loss of phase coherence in a subset of the tunnel-
ing electrons. As a result, scattered carriers traverse the
active region in a two-step tunneling process known as
“sequential tunneling” [43,45]. In this inelastic transport
regime, electrons that lose phase memory give rise to an
incoherent current component that enhances off-resonant
transmission.

The incoherent contribution to the current can be cal-
culated with the use of Landauer’s transmission theory
of quantum transport. Biittiker obtained analytical expres-
sions for the coherent and incoherent transmission prob-
abilities across a general double-barrier structure. From
this analysis, the total probability of transmission through
the nth resonant level can be expressed by the sum of the
coherent and incoherent probabilities [45]:

2
(1)
F(”) <F6+l/2>
T (B) = TS, ( q ) 7
incoh e (E _ E}En)) <Fc(}jr)l/2>

(6)

where T, T™, and E™ were defined previously [see

Eq. (3)] and Fé'jr)l is the total transmission width of the nth
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resonant level given by the sum of the elastic (I'") and
inelastic (I'"") partial widths [45].

Equation (6) reveals that phase-randomization events
result in the attenuation of the resonant transmission peak
by a factor of I®/T'"; and a concomitant broadening
of the resonance linewidth [45,54]. Scattering processes
include optical phonons [57], intrasubband and intersub-
band transitions [33], and interface-roughness scattering
events [58]. In the case of GaN/(Al,Ga)N heterostructures,
interface-roughness scattering and electron-phonon inter-
actions have been identified as the main processes leading
to decoherence [33,58].

In the present discussion, we focus on the overall effects
of the different scattering mechanisms, which we assume
to be uncorrelated. In this case, the total resonance width
Fé'jr)i can be expressed by the sum of the different elastic
and inelastic partial widths: I‘i’jr)l- =T+ > I‘j("), with
I'(" being the j th inelastic partial width [45]. Each scatter-
ing mechanism is characterized by a dephasing time rj("),
which determines its corresponding inelastic width. The
dwell time inside the resonant tunneling region, T, deter-
mines the RTD elastic width. Using the Planck-like expres-
sion Fj(") =h/ rj(”) (T = h/t™), one can obtain an
effective scattering time: 1/t = 1/t + > 1/ rj(”).
The relation between the total width and the effective
scattering time, given by Fé'jr)i =h/ re(i)i, allows us to use
the total width as a phenomenological parameter that char-
acterizes the mixed—coherent and incoherent—tunneling
transport across the polar double-barrier heterostructure.
Typical values for this parameter are introduced in the
next section and its effects on the RTD current-voltage
characteristics and PVCR are also discussed.

An analytical expression for the resonant tunneling cur-
rent Jlg{), which includes contributions from coherent and
sequential tunneling processes, is derived by replacement
of the Breit-Wigner form of the resonance transmission
[Eq. (6)] in the Tsu-Esaki integral [Eq. (1)]. The sup-
ply function, given by the logarithmic factor inside the
integrand in Eq. (1), is a slowly varying function com-
pared with the resonant factor Tc(fh)+ (£), which exhibits

a narrow transmission peak. Conslga){llently, the main con-
tribution to the tunneling current is provided by electrons
with injection energies of around E. If the supplied car-
riers exhibit an energy range that is much greater than
the total resonance width, we can approximate the supply
function as a constant for energies close to the subband
energy. This condition is satisfied when E; > Fé’fi, which
is usually the case when degenerately doped layers are
used as carrier-injection contacts. As a result, the sup-
ply function can be taken out of the integral with the
substitution £ = E™ [59]. Finally, after integrating the
Lorentzian function, we can write an analytical expression

for the resonant tunneling current injected through the nth
quasibound state:

" qm*kT
I (Voias) = mzﬁfgx (Viias) (

Fén) ( Vbias)
2

1 =+ eXp {[Efl (Vbias) - E}En) (Vbias)]/kT}
1 4+ exp {[Ef2 (Vbias) — E;gn) (Vbias)]/kT}

(n) .
Fe.»,_i (Vbias)/2 2

Using Eq. (7), we calculate the different resonant-
tunneling-current components for a GaN/AIN RTD, whose
device structure is shown in Fig. 1(a), with 7, = 1.5 nm.
Figure 2(d) displays the current-voltage curves J[({'}), cal-
culated for each of the quasibound states localized in the
double-barrier active region. The single-barrier transmis-
sion coefficients Tf; )(Vbias) and Tg”(Vbias) are computed
with the use of the WKB expression given by Eq. (5);
T (Vyias) and T (Viias) are obtained from Eq. (3). The
bias dependence of these parameters is contained in the
RTD band diagrams, which are calculated at every bias
point [see Figs. 2(a)-2(c) and 2(f)}-2(h)].

The RTD band diagrams are calculated with the use of
the analytical model for polar RTDs introduced previously
by the authors [36]. This approximate model takes into
consideration the space-charge regions, the free-carrier
distribution, and the net spontaneous and piezoelectric
polarization charges induced at the polar heterointerfaces,
as discussed in Sec. II. Under close-to-equilibrium condi-
tions the resonant levels are completely unpopulated, as
can be seen from Fig. 2(f). However, under moderate bias,
carriers tunnel into the well, thereby increasing the sub-
band population and building up the charge inside the well.
To calculate the subband population under nonequilibrium
conditions, a numerical self-consistent procedure is usu-
ally used to solve the Poisson and Schrédinger equations
simultaneously [60,61]. However, for the present discus-
sion it can be shown that the analytical form of the RTD
band diagram provides a reasonable approximation. To do
so, we consider the dwell time " &~ 7 ps, calculated for
the case of the RTD with #, = 1.5 nm. Taking into account
the RTD peak tunneling current J, ~ 2.5 x 10* A/cm?,
we calculate that the electron concentration inside the well
o,—at maximum carrier injection—will be approximately
1.0 x 10'2 cm~2. Therefore, the charge accumulated inside
the well is almost 2 orders of magnitude lower than the net
polarization charges (o, = 6.5 x 10'> cm™?) present at the
well-barrier interfaces. After performing a similar analysis
in the other RTDs, we conclude that our analytical band
diagram model provides an adequate approximation for the
magnitudes of the resonant tunneling current discussed in
the present work.

In
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As can be seen from Fig. 2(d), the resonant tunnel-
ing current transmitted through the ground-state level Jlng)
exhibits broken symmetry with respect to the bias polar-
ity. This asymmetric injection is a direct consequence of
the charge segregation at equilibrium that results in a wide
depletion layer on the collector side. From Fig. 2(f), we can
see that the depleted region acts effectively as an additional
barrier with height of approximately 1.9 eV. The exten-
sion of this space-charge region increases with the applied
voltage, thus generating a stronger electric field. As a con-
sequence, a large portion of the biasing voltage is dropped
across this depletion layer [see Fig. 2(g)]. This leaves only
a small fraction of the biasing voltage to modulate the
double-barrier and quantum-well active region. Because
of this nonuniform bias distribution, polar RTDs exhibit
limited modulation control over the quasibound state ener-
gies under forward bias. For the III-nitride RTD presented
in Fig. 2, we obtain a ground-state energy modulation of
yr ~ 180 meV/V under forward bias. In this case, since
EWM ~ 1 eV at equilibrium, the expected peak voltage is
5.6V, as can be seen from Fig. 2(d).

Under reverse bias, the depletion region also exerts a
strong influence over the modulation of the quasibound
state energies. However in this regime, as free carriers
gather at the edge of the depletion layer, the space-charge
extension reduces. As a result, the depletion barrier is
lowered due to the less-intense electric field and much-
narrower depletion region [see Figs. 2(b) and 2(c)]. This
charge transfer also leads to a concomitant increase in
the electric field across the tunneling barriers, which push
the GaN quantum well toward lower energies. Both of
these effects contribute to a more effective modulation
of the subband energies, resulting in a reverse bias shift
of yg ~ 770 meV/V for the ground-sate of the RTD pre-
sented in Fig. 2. The stronger modulation of the quasi-
bound state energies results in resonant tunneling peaks
occurring within a smaller voltage range compared with
the forward-bias regime. This effect, combined with the
presence of a direct tunneling injection process across the
collector barrier (Jpr), results in a total tunneling current
(Jiotat = JIpT + ), Jlg})) in which the resonant tunneling
peaks are partially masked [see Fig. 2(d)]. Experimental
evidence of these resonant tunneling phenomena under
reverse bias is presented in the next section, in which
we demonstrate the agreement between theoretical cal-
culations and experimental measurements obtained from
[-nitride RTDs.

V. DISCUSSION AND CONCLUSIONS

The analytical tunneling theory introduced in Sec. IV
is used to understand the phenomenon of resonant tun-
neling injection in GaN/AIN RTDs. Figure 3(a) shows
the room-temperature current-voltage characteristics mea-
sured from the series of RTDs presented in Fig. 1. From

this semilogarithmic plot, it is evident that the AIN bar-
riers exert exponential control over the magnitude of the
tunneling current under both bias polarities. At low-bias
injection, the wide depletion barrier effectively blocks car-
rier transport, resulting in low current densities. When the
applied voltage is increased, the quasibound state ener-
gies and the height of the depletion barrier are modulated,
enabling carrier injection into the resonant levels. How-
ever, the nonuniform distribution of the applied bias across
the active region results in asymmetric current injection as
can be seen from Fig. 3(a).

For each device structure, we calculate the total tun-
neling current, including contributions from direct and
resonant tunneling injection processes. Figure 3(b) shows
that the experimental results are reproduced very well by
our theoretical model. Good agreement is observed over
the entire voltage range, with injection currents spanning
several orders of magnitude. Devices with the same bar-
rier thickness are plotted with the same color scheme used
in Fig. 3(a). To capture the effects of the access and con-
tact resistances, a parasitic resistor is also included in
the theoretical calculation. The equivalent-circuit model is
shown in the inset in Fig. 3(c), comprising the ideal RTD
connected in series with a resistor of magnitude p;.

To get further insight into the reverse-bias tunneling
transport, we analyze the experimental differential resis-
tance shown in Fig. 3(c). For clarity, we present only
the data for the RTD with #, = 1.5 nm; however, a simi-
lar analysis is done for the other devices. Under low-bias
injection (—2 V < Vyias), two clear features are observed in
the experimental data, indicated by the black arrows. Our
model reproduces very well the occurrence of these tun-
neling features, which correspond to peaks in the current
injected through the first two subband levels via reso-
nant tunneling [see Fig. 2(d)]. At high injection levels
(Vbias < —2 V), there is an evident deviation between the
experimental and ideal-RTD differential resistance calcu-
lated with our model. This discrepancy can be explained
by the presence of a parasitic series resistance p, that con-
trols the current flow at high injection levels [see the inset
in Fig. 3(c)].

Identifying the voltage dropped across the parasitic
resistance is important to determine the intrinsic RTD
voltage and its characteristic threshold voltage V. The
extraction of these two parameters, py and Vy,, is done fol-
lowing the interpolation procedure discussed in Sec. II.
This method assumes that when Vs < Vi, the series
resistance is much larger than the intrinsic RTD resis-
tance. We can verify that this is the case by compar-
ing the differential resistance of the ideal RTD (prtp)
with the magnitude of p; when the device is biased
at Vpias = Vin. These values are presented in Table (I),
confirming that p; 3> prrp for each of the RTDs pre-
sented here; thus the linear-interpolation procedure is jus-
tified. Furthermore, this is also corroborated by the good
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quantitative agreement between theoretical and experi-
mental values of the critical threshold voltage Vy, (see
Table I).

Under forward bias, Fig. 3(b) shows that our analyti-
cal model correctly reproduces the dependence of the peak
voltage on the barrier thickness. This modulation is com-
pletely captured by the device band diagram, from which
the bias-dependent parameters in Eq. (7) are calculated.
In particular, the onset of NDC will be determined by the
detuning of the subband energy E™ (Viiss) With respect to
the conduction-band minimum on the emitter side. Fur-
thermore, the region of NDC and the PVCR depend on
the total width I';.., which we consider a phenomeno-
logical parameter related to the dephasing rate inside the
double-barrier structure.

Previous theoretical studies showed that typical dephas-
ing times in GaN/Al,Ga;_,N RTDs at room temperature
are on the order of approximately 33 fs, which corresponds
to a total broadening of I',1; & 20 meV [33]. On the other
hand, intersubband absorption experiments performed on
GaN/AIN multiple quantum wells have revealed even
shorter scattering times of approximately 10 fs (I',4; & 66
meV). These ultrafast dephasing rates result from con-
siderable interface-roughness scattering, which is shown
to be dominant over the LO-phonon scattering (tro ~
50 fs) [58].

In our calculations we use three different magni-
tudes of resonance broadening to illustrate the impor-
tant effects of the incoherent tunneling contribution. The
results presented in Fig. 3(b) show that as the broadening
I'.y; increases, the peak tunneling current decreases with
increasing number of carriers traversing the active region
via sequential tunneling. Consequently, off-resonant trans-
mission increases, leading to a larger valley current and
reduced PVCR. In the case of the RTD with #, = 1.5 nm,
we calculate a theoretical PVCR of 2.2 (6.7) for a broad-
ening of 100 meV (40 meV), which corresponds to 6.6 fs

TABLEI. Experimental and theoretical GaN/AIN RTD param-
eters. The characteristic threshold voltage (Vi) and parasitic
series resistance (p;) are measured by a linear-interpolation
procedure, introduced in Sec. II. The experimental Vy, values
extracted from our devices agree very well with theoretical val-
ues obtained from an analytical electrostatic model [36]. The
interpolation method requires that when Vs < Vi, the series
resistance is much larger than the intrinsic RTD resistance (ortp)
[see Fig. 3(c)]. This assumption is justified since p; > prp for
each RTD presented here.

Barrier thickness (nm) 1.5 2.0 2.4
Theoretical Vi, (V) 33 4.4 53
Experimental Vy, (V) 33 43 5.2
05 (cm?) 30107 23 x107° 1.7x 1073

prTD (2 cm?)? 84x 1077 89x1077 94x 1077

2Calculated at the threshold bias (Vyias = Vin).

(16.5 fs). However, it should be noted that these results
consist only of coherent and sequential tunneling phe-
nomena without taking our into consideration additional
leakage paths that also degrade the resulting PVCR.

In summary, we systematically investigate the phe-
nomenon of resonant tunneling injection through polar
double-barrier heterostructures. Epitaxial control at the
monolayer level is used to engineer different magnitudes of
resonant tunneling current injection in GaN/AIN double-
barrier heterostructures. Analysis of their current-voltage
characteristics reveals the control exerted by the polar
tunneling barriers over the magnitude of the injected cur-
rent, broadening of the resonant tunneling line shape,
and critical threshold voltage. Additionally, new tunnel-
ing features are identified under reverse-bias injection that
originate from highly attenuated tunneling carriers injected
via resonant tunneling transport across the quasibound
states.

On the theoretical side, we introduce an analytical
theory for resonant tunneling transport across polar het-
erostructures. A general expression for the resonant tun-
neling current, including contributions from coherent and
sequential tunneling processes, is presented. Using this
model, we calculate the current-voltage characteristics
of GaN/AIN resonant tunneling diodes, demonstrating
good agreement with experimental results over both bias
polarities, and with tunneling currents spanning several
orders of magnitude. The analytical form of our model
provides a simple expression that elucidates the connec-
tion between the double-barrier design parameters and
the resulting current-voltage characteristics and tunneling
transport across a general polar RTD. This new theory
paves the way for the design of polar resonant tunnel-
ing devices exhibiting efficient resonant injection and
enhanced tunneling dynamics as required in various prac-
tical applications.
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