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The recent demonstration of resonant tunneling transport in nitride semiconductors has led to an invig-
orated effort to harness this quantum transport regime for practical applications. In polar semiconductors,
however, the interplay between fixed polarization charges and mobile free carriers leads to asymmetric
transport characteristics. Here, we investigate the possibility of using degenerately doped contact lay-
ers to screen the built-in polarization fields and recover symmetric resonant injection. Thanks to a high
doping density, negative differential conductance is observed under both bias polarities of GaN/AIN res-
onant tunneling diodes (RTDs). Moreover, our analytical model reveals a lower bound for the minimum
resonant-tunneling voltage achieved via uniform doping, owing to the dopant solubility limit. Charge
storage dynamics is also studied by impedance measurements, showing that at close-to-equilibrium con-
ditions, polar RTDs behave effectively as parallel-plate capacitors. These mechanisms are completely
reproduced by our analytical model, providing a theoretical framework useful in the design and analysis

of polar resonant-tunneling devices.
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I. INTRODUCTION

[II-nitride semiconductor heterostructures stand out as
a highly versatile platform for tailoring electronic levels
via quantum confinement because of their wide range of
achievable bandgaps (0.7—6.2 eV). This important prop-
erty, coupled with their high breakdown electric fields
[1], high thermal conductivity [2], and high electron sat-
uration velocity [3], makes III-nitride semiconductors an
unmatched material system for the development of high-
power electronic and photonic devices.

From ultrafast electronic oscillators [4] to room-
temperature intersubband lasers [5] and plasma-wave
amplifiers [6,7], [II-nitride materials hold promise for the
development of compact, high-power terahertz sources.
These new functionalities are enabled by the broadband
gain provided by the resonant tunneling phenomena which
can be employed not only to counteract lossy circuit ele-
ments but also to provide electronic and optical gain
within the terahertz band [4,8]. The synergy between the
ultrafast tunneling transport and the outstanding power
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capabilities of IlI-nitride semiconductors represents a tan-
talizing opportunity for the development of nitride-based
terahertz optoelectronics.

Even though research on nitride resonant tunneling
transport started almost two decades ago [9,10], in the past
three years important breakthroughs have been achieved
due to recent advances in epitaxial growth, polar het-
erostructure design, and device fabrication [11—14]. In
particular, the demonstration of reliable room-temperature
negative differential conductance (NDC) [12—18] and the
first nitride-based resonant-tunneling oscillator [19,20]
have led to a better understanding of resonant tunneling
physics through polar semiconductors. These milestones
have reignited interest in the development of practical
device applications enabled by nitride resonant tunneling
injection.

Owing to their noncentrosymmetric crystal structure,
nitride heterostructures grown along the polar axes exhibit
spontaneous and piezoelectric polarization charges local-
ized at the heterointerfaces [21]. These interfacial sheets
of charge are of central importance in the understand-
ing of resonant tunneling transport through polar semi-
conductors. Their effects have been recently elucidated
by the introduction of a unified theoretical framework,
which explains all the features experimentally observed
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in the current-voltage characteristics of GaN/AIN resonant
tunneling diodes (RTDs) [22].

The presence of the interfacial polarization charges
(£qo,) and associated net polarization fields (F, =
+qo, /€5) generate intense internal electric fields that, in
turn, redistribute free carriers across the double-barrier
active region and surrounding contacts of the hetero-
junction. Here, g is the absolute value of the electron
charge and o, is the polarization charge density at the
GaN/AIN heterojunction. Under equilibrium conditions,
electrons are confined within the emitter accumulation
well, on the substrate side; whereas on the collector con-
tact, a depletion region is formed [see Fig. 1(b)]. With
typical contact doping concentrations Ny ~ 1 x 10" cm™3
and depletion widths #; ~ 10 nm, the collector space-
charge density Ny x t; =1 x 10> cm™2 is of the same
order of magnitude as the polarization charge density
0x ~ 5 x 10" cm~2. This observation reveals that space-
charge effects due to contact doping play an important
role in the electric field distribution and conduction band
profile of polar double-barrier heterostructures. However,
the important consequences of the interplay between the
fixed polarization charges in the active region and mobile
charges in the access regions have not been thoroughly
discussed in the literature.

The purpose of the present study is to experimentally
determine the role played by the space-charge regions
in the resonant tunneling characteristics of polar RTDs.
By systematically varying the extension of the space-
charge layer, we show an enhanced control over the
energies of the bound states, thereby reducing the resonant-
tunneling voltage. With the use of theoretical calculations
we assess the device performance as the width of the
space-charge region is modulated via impurity doping.
With this approach, we show that polar RTDs exhibit
a lower bound for the minimum achievable resonant-
tunneling voltage as the doping density approaches the
solubility limit [23,24].

Furthermore, cryogenic transport measurements reveal
repeatable NDC under both bias polarities. These findings
shed light onto the important effects of the space-charge
regions in the transmission amplitude of the resonant tun-
neling current. This connection manifests itself not only
in the dc characteristics, but also in the small-signal
frequency response of the diodes. After measuring the
admittance of these devices, we conclude that under close-
to-equilibrium conditions, polar RTDs behave effectively
as parallel-plate capacitors. This phenomenon, completely
captured by our recently developed polar RTD model
[14], allows us to derive an analytical expression for the
bias-dependent RTD capacitance. The good quantitative
agreement between the theoretical and measured capaci-
tances confirms the validity of our model, providing a clear
physical picture for the charge storage mechanism of polar
RTDs.

II. GaN/AIN RTD ELECTROSTATICS

The prototypical epitaxial structure of a GaN/AIN RTD
is schematically depicted in Fig. 1(a). Heavily doped n-
type GaN contacts are employed to inject electrons across
the double-barrier structure that consists of unintention-
ally doped (UID) GaN spacers next to each contact, two
symmetric AIN tunneling barriers, and a GaN quantum
well hosting the resonant states. Under equilibrium condi-
tions, the active region exhibits a peculiar conduction band
profile due to the interfacial polarization charges (£go;)
and space-charge distribution in the contacts. The positive
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FIG. 1. GaN/AIN double-barrier RTD heterostructures. (a)
Schematic representation of the complete device structure grown
by molecular beam epitaxy on single-crystal n-type GaN sub-
strates. Two device designs with varying doping concentra-
tion N; are synthesized and fabricated. (b) The equilibrium
conduction-band energy profile of each sample is calculated by
solving Poisson and Schrodinger equations self-consistently. As
a result of the redistribution of free carriers, the conduction band
profile and internal electric fields are modulated resulting in a
shift in the energies of the resonant levels inside the well. (c)
The electric field profile for the RTD structure featuring a dop-
ing density N = 1 x 10! cm~? is also obtained from numerical
calculations. The various layer thicknesses are also indicated:
t; is the extension of the collector depletion region, #, is the
thickness of the collector spacer, and ¢, and #,, represent the thick-
ness of the tunneling barriers and width of the quantum well,
respectively.
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charge +qo,; localized at the interface between the emit-
ter UID spacer and AIN barrier attracts free electrons that
gather in the accumulation well next to this heterointer-
face [see Fig. 1(b)]. In contrast, on the collector region, the
negative polarization sheet of charge at the AIN/GaN het-
erointerface repels electrons, resulting in a wide depletion
region. As can be inferred from Figs. 1(b) and 1(c), the
width of the depletion layer #; determines the maximum
electric field Fy on the collector spacer, which can be cal-
culated using the depletion approximation [14]. Therefore,
the magnitude of Fy can be expressed as

Fo = gNata/€s, (1)

where N; is the doping concentration in the GaN con-
tacts and ¢, is the semiconductor dielectric constant. It is
helpful to point out that the extension of the depletion
region 74 depends on the voltage bias applied to the double-
barrier structure [14]. Consequently under nonequilibrium
conditions, both #; and Fy would be modulated.

Since no free charge is present across the collector UID
GaN spacer, the electric field within this layer remains
constant at Fy. The negative sheet of polarization charge
present at the interface between the UID layer and collector
barrier flips the direction of the electric field present inside
the collector tunneling barrier [see Fig. 1(c)]. Consider-
ing the fact that the sheets of polarization charge present
on each side of the collector AIN barrier are of opposite
sign, no net charge exists between the collector space-
charge region and quantum well. Therefore, the electric
polarization of the GaN well is equivalent to the maximum
electric field within the collector depletion region, and thus
F,, = Fy. This connection between the space-charge elec-
tric field and the electrostatic polarization of the barriers
and quantum well reveals the influence of the collector
doping on the band profile of the active region and in turn
determines the energies of the resonant levels at any given
bias condition.

To experimentally study these effects, we prepare
GaN/AIN double-barrier heterostructures by molecular
beam epitaxy. The epitaxial layers are grown on the c-
plane of single-crystal n-type GaN substrates, maintaining
a constant growth rate of 3 nm/min [22]. The substrate tem-
perature, measured by a thermocouple, is kept constant at
750 °C while maintaining metal-rich conditions and step-
flow growth mode throughout the whole epitaxial process
[14].

Epitaxy begins with the growth of a highly doped n-type
GaN emitter contact layer, extending 100 nm with a nom-
inal silicon concentration N; cm™3. As shown in Fig. 1(b),
two different RTD designs were prepared with different
silicon doping concentrations: N =1 x 10" ¢m™ and
NT =4x10" cm™. The doping level, controlled by
the temperature of the silicon effusion cell, was previously
calibrated employing a separate sample in which a series

of n-type GaN layers were grown with varying doping
levels. Using secondary ion mass spectroscopy we deter-
mine the correspondence between the donor concentration
and effusion cell temperature employed during the RTD
growth. To minimize electronic decoherence due to impu-
rity scattering, a 10-nm UID GaN spacer is grown next
to the emitter GaN contact, separating it from the active
structure [see Fig. 1(a)]. The double-barrier active region
consists of two symmetric AIN tunneling barriers, extend-
ing 2 nm, which confine the resonant states within a 3-nm
GaN quantum well. To limit the extension of the collec-
tor depletion region, we employ a RTD design featuring
asymmetric spacers; therefore, the thickness of the UID
collector spacer is 6 nm. Finally, a 100-nm n-type GaN
layer, acting as collector contact, completes the device
structure, as shown in Fig. 1(a). After growth, atomic
force microscopy is employed to measure the topogra-
phy of the as-grown samples, revealing clear atomic steps
across scanned areas of 20 x 20 um? with subnanometer
root-mean-square (rms) surface roughness.

Figure 1(b) displays the equilibrium energy band dia-
grams of the grown samples calculated with a self-
consistent Schrodinger-Poisson solver [25]. We can see
that by increasing the doping concentration, the energy
of the ground state E; reduces by AE; = —488 meV.
This modulation is the result of a combination of effects
attributed to: (a) the tuning of the Fermi energy within
the degenerately doped contact layers, (b) the reduction of
the electrostatic polarization within the tunneling barriers,
and (c) the stronger quantum-confined Stark effect (QCSE)
inside the well. We can quantify each of these effects to
understand their individual influence over the energies of
the resonant levels.

(a) Owing to the high concentration of silicon donors,
the n-type GaN contact layers become degenerately doped.
This behavior has been verified with both numerical self-
consistent calculations [25] and the analytical expression
we owe to Joyce and Nixon [26]. Consequently, as the
doping level increases, the bottom of the conduction band
shifts towards lower values with respect to the Fermi
level, which we choose as our reference [see Fig. 1(b)].
We can obtain a first-order approximation for this energy
shift employing the Fermi gas model [27]. Using this
approach, we can express £, as a function of the doping
concentration: £y — E. ~ h? /2m* (3712Nd)2/ 3, where £ is
the reduced Planck constant and m* is the GaN effective
mass. Consequently, the whole band profile of the het-
erostructure shifts with respect to the Fermi level by a
factor AEy, = =333 2 [(N; )" = (NF)™].

(b) From Fig. 1(c), we can see that there exists a
direct connection among the magnitude of electric field
inside the collector region (Fy), the interface polarization
charge (—qo,), and the electrostatic polarization of the
barriers (F}), which can be written as Fj, — qo, /€; = F.

034048-3



JIMY ENCOMENDERO et al.

PHYS. REV. APPLIED 13, 034048 (2020)

Consequently, when the collector electric field becomes
more negative, it leads to a concomitant reduction in the
magnitude of the field inside the tunneling barriers. This
modulation results in a shift of the energy profile of the
well, moving it closer to the Fermi level by a factor
AEr, = —qAFpty, = —qAFoty, where AF, is the varia-
tion of the maximum electric field inside the space-charge
region [see Eq. (1) and Fig. 1(c)] and ¢, is the barrier
thickness.

(c) Finally the intense electrostatic polarization of the
quantum well results in the modulation of the resonant
energies due to the QCSE. An approximate value for this
energy shift AEr, can be calculated within the framework
of perturbation theory [28]. Thus, we find that AEp, =
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FIG. 2.

—gAFt,/2 = —qAFot, /2, where t,, is the width of the
GaN well, as depicted in Fig. 2(c).

With the previous analysis in mind, we can calcu-
late each of the partial contributions to the energy shift
of the resonant levels. Theoretical calculations indicate
that AFy = 0.9 MV /cm, when the doping increases from
N =1x10" em™ to NJ7 =4 x 10" cm™. Thus, we
find that AEr, = —180 meV, AEp, = —135 meV, and
AEp, = —129 meV. Therefore, the total energy shift given
by AE| = AEg, + AEp, + AER, is AE; = —444 meV,
in reasonable agreement with —488 meV obtained from
self-consistent calculations. This detailed analysis allows
us to fully appreciate the implications of contact dop-
ing and space-charge effects in the electrostatics and
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Current-voltage (J-V) characteristics of GaN/AIN RTDs with different contact doping concentrations measured at cryogenic

and room temperatures. (a),(b) When the doping level at the contacts is increased from N = 1 x 10! ecm™ to Nj ¥ =4 x 10 em~3,
the energy of the lowest resonant level is reduced, resulting in a lower peak voltage under forward bias. Within the region of NDC,
plotted with dotted lines, parasitic oscillations are measured due to the RTD gain, which produces the chair-like feature. The peak and
valley currents are the maximum and minimum currents that delimit the NDC region. (b) Under cryogenic conditions, the reduction
of the thermal current component results in an increased peak-to-valley current ratio (PVCR), which is measured at 1.88 (1.63) for the
RTD structure with the lower (higher) doping level. (c),(d) Logarithmic plots of the same data displayed in (a),(b), which reveal the
exponential modulation of the tunneling current under nonequilibrium conditions. (d) Multiple resonant tunneling features, indicated
by the arrows, are observed under forward and reverse bias. The origin of these features is explained in Fig. 3.
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resonant-tunneling conditions of polar RTDs. As we will
see in the following sections, these important effects
are experimentally observed in multiple GaN/AIN RTD
designs with different doping concentrations, thus provid-
ing valuable insight into the dc and ac operation of polar
resonant-tunneling devices.

I11. SPACE-CHARGE EFFECTS ON
RESONANT-TUNNELING TRANSPORT

To study charge transport, we fabricate RTDs employ-
ing a self-aligned process described in our previous work
[14]. Devices with areas between 6 x 6 um? and 20 x
20 um? were fabricated and tested under both bias polari-
ties showing repeatable current-voltage (J-V) characteris-
tics and NDC. We point out that forward current injection
corresponds to the electronic flow from the substrate to the
collector contact. Typical J-V characteristics, measured
from devices with areas of 6 x 6 um?, are displayed in
Fig. 2. As can be seen from Figs. 2(a) and 2(b), when the
doping density increases, the resonant-tunneling voltage
transitions from 9.6 to 6.6 V. This effect is a direct con-
sequence of the shift in ground-state energy, which was
quantitatively analyzed in the preceding section.

To suppress the thermal component of the valley current
we tested our devices at cryogenic conditions. Figure 2(b)
shows the J-V curves measured at 7 = 80 K, resulting
in a peak-to-valley current ratio of 1.88 (1.63) for the
RTD structure featuring the lower (higher) doping con-
centration. Whereas the peak voltage under forward bias
is strongly dependent on the dopant concentration, the
reverse-bias threshold voltage, measured as Vy, = —4.2 +
0.2 V, is independent of doping [see Figs. 2(a) and 2(b)].
This result is consistent with our theoretical model for
polar RTDs, from which we established that the threshold
voltage depends only on the barrier thickness and magni-
tude of the internal polarization fields, and not on donor
concentration [14].

The broken symmetry in the tunneling transport charac-
teristics of GaN/AIN RTDs stems from the intense elec-
trostatic polarization of the double-barrier active region
which results in a redistribution of free carriers. Owing
to this internal charge segregation, the profile of the tun-
neling barriers becomes highly asymmetric, resulting in
single-barrier transmission coefficients that differ by sev-
eral orders of magnitude [22]. When a voltage is applied
across the active region, the electronic tunneling trans-
mission and therefore the RTD conductance are both
exponentially modulated. This exponential increase in tun-
neling current, spanning over 10 orders of magnitude, can
be clearly seen in Figs. 2(c) and 2(d), which show the
J-V curves in logarithmic scale. Under cryogenic con-
ditions, multiple resonant tunneling signatures, indicated
by the arrows, can be identified in Fig. 2(d). These fea-
tures correspond to the energy alignment between the two-

and three-dimensional pockets of electrons present in the
emitter side and the resonant tunneling subbands confined
within the double-barrier structure. To gain further insight
into the charge transport mechanisms responsible for these
features, we examine the RTD differential conductance.
The semilogarithmic plot in Fig. 3(a) displays the expo-
nential modulation of the differential conductance for both
RTD designs operating at cryogenic conditions. Under
reverse bias we can identify two peaks, indicated by the
arrows, which correspond to the alignment between the
collector Fermi level (Efc) and the resonant levels inside

the quantum well. The conductance peak labeled by EfC —
E| originates from resonant injection into the ground
state and exhibits repeatable NDC, with a minimum value
of —6 x 107* S/cm?. These findings constitute the first
report of NDC measured from GaN/AIN RTDs under
reverse-bias operation. It should be noted, however, that
reverse-bias conductance oscillations were documented at
cryogenic [ 16] and room [22] temperatures. The possibility
of resonant tunneling injection, manifested in reverse-bias
NDC, was anticipated by previous theoretical considera-
tions [29]. Under these conditions, the marked asymmetry
in the transparency of the barriers leads to a highly atten-
uated resonant tunneling transmission [22]. In this sense,
minimizing incoherent charge injection is of great impor-
tance to allow resonant tunneling to become the dominant
transport mechanism within this bias regime.

Resonant tunneling into the first excited state is also
identified from the conductance peak at Vs = —2.4 V
[see Fig. 3(a)]. The RTD band diagram for this reso-
nant configuration is displayed in Fig. 3(c), which reveals
a significant asymmetry between the single-barrier tun-
neling distances. This imbalance in single-barrier trans-
mission probabilities, experienced by the electrons, leads
to a strongly attenuated resonant tunneling transmission.
Despite these effects, the resonant conductance peak is
clearly visible in the conductance-voltage curve for the
RTD featuring the highest doping concentration. These
findings constitute the first experimental demonstration of
reverse-bias resonant tunneling injection into the ground
state as well as the first excited state. Therefore, this
important milestone opens up the possibility of harness-
ing the reverse-bias transport regime for the engineering
of population inversion in nitride-based quantum cascade
structures [30,31].

Within the forward-bias regime, we can identify two
peaks in the differential conductance, indicated by the
arrows in Fig. 3(a). These features correspond to dif-
ferent injection mechanisms due to the dual nature of
carriers present in the emitter. We associate the transition
labeled by Ef — E; with the injection of carriers from
the continuum of states, forming the emitter Fermi sea,
into the ground state of the GaN well. The onset of this
resonant condition is shown in Fig. 3(d), revealing the
alignment between emitter Fermi level Ef and the lowest
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subband in the well with energy E;. This tunneling fea-
ture, occurring at a voltage lower than the main resonant
peak, has been reported previously in arsenide [32—37] and
nitride [14,16] RTDs. In our devices, the injection of three-
dimensional carriers into the well peaks at Vij,s = +3.5V
and Vyjas = +6.6 V for the NJ© RTD and N; RTD,
respectively.

As the applied bias increases, the ground state E; is
pulled below the emitter Fermi level and becomes degen-
erate with the energy E of the accumulation subband [see
Fig. 3(e)]. In this regime, the RTD conductance is dom-
inated by the resonant-tunneling path established by the
coupling of these subbands. It should be noted that the
confinement introduced by the accumulation well results
in a lower bound for the minimum energy of the electrons
injected into the well, given by Ej. Therefore, the detuning
from this resonant configuration reduces the amount of car-
riers that tunnel coherently into the resonant level, which
manifests in the characteristic NDC of the main resonant
peak shown in Fig. 2(b).

The voltage required to attain each of the resonant con-
figurations indicated by the arrows in Fig. 3(a) depends
on the doping density in the contacts. The tuning of these
resonant voltages as a function of the doping concentration
can be determined by self-consistent calculations of the
biased device structure [see, for example, Figs. 3(c)-3(e)].

O Exp.: Nj*=4x10"cm™ cidate the origin of the conduc-

O Exp.:Ny =2x10"cm tance peaks, we calculate the RTD

108, V Exp.:Nj =1x10"cm band diagrams for each of the res-
— Theoretical model -3 Emitter Collector onant configurations for N;* =

-4 2 4 6 8 10 “H00 110 120 130 4x 10" em™, under forward-

Distance (nm) and reverse-bias conditions.

Figure 3(b) shows the theoretical values of the resonant
voltages as the doping concentration is modulated between
Ny =5x 107 and N; = 5 x 102° cm—3. These numerical
results are consistent with the experimentally measured
resonant-tunneling features, which are also included in the
same figure for comparison. From this plot, we note the
considerable asymmetry in the resonant-tunneling volt-
ages with respect to the bias polarity. This asymmetric
behavior manifests not only in the magnitude of the res-
onant voltages but also in the dependence on the dop-
ing concentration. Whereas reverse-bias resonances are
almost independent of the doping level, forward resonant-
tunneling voltages exhibit a strong dependence on this
design parameter. These trends originate from the rela-
tionship between the contact doping levels and width of
the depletion layer that determines the fraction of applied
voltage that is dropped across this region. Under forward
injection the depletion layer widens, resulting in a larger
resonant-tunneling voltage which depends strongly on the
doping level, as can be seen in Fig. 3(b). In contrast,
under reverse-bias operation, the collector depletion region
shrinks, thus leading to a reverse-bias resonant voltage that
is almost independent of the doping level. The invariance
of the reverse-bias resonant condition might be helpful for
the design of quantum cascade structures in which resonant
injection would be robust against potential variations in
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the doping level, in stark contrast to the forward injection
regime.

From Fig. 3(b), we can also infer that the forward reso-
nant voltage exhibits a lower bound as the silicon concen-
tration approaches the solubility limit [23,24]. This trend is
consistent with the resonant voltages reported by multiple
groups across different GaN/AIN RTD designs. Conse-
quently, achieving forward resonant injection at voltages
below 2 V in polar GaN/AIN double-barrier heterostruc-
tures would require advanced bandgap design techniques,
going beyond uniform doping methods.

IV. SPACE-CHARGE EFFECTS ON THE RTD
SMALL-SIGNAL IMPEDANCE

As we have seen in the previous section, the interplay
between the strong polarization charges and free carri-
ers results in a redistribution of charge that substantially
modifies the resonant tunneling transport regime. Effects
derived from this phenomenon manifest not only in the
dc characteristics of polar RTDs, but also in their fre-
quency response. To determine the influence of the polar
active region on the small-signal impedance, we analyze
the charging mechanism of the double-barrier heterostruc-
ture. Under close-to-equilibrium conditions, the quantum
well is depopulated and charge is only present within the
emitter accumulation well, and distributed across the col-
lector space-charge region [see Fig. 1(b)]. This charge
configuration behaves effectively as a parallel-plate capac-
itor in which the extension of the space-charge region
and population of the accumulation subband are modu-
lated when a time-dependent signal is applied. Within this
regime, we can use the depletion approximation to write
an expression for the charge stored within the depletion
layer: Ospace-Charge = qNatq. Therefore, the small-signal
RTD capacitance would be given by

dQSpace-Charge = gN, dtd
d Vbias d Vbias .

)

Crtp =

The analytical model introduced in Ref. [14] can be
employed to derive a closed-form formula for the depletion
width, 7;. By substituting the first equation of the present
paper into Eq. (1) of Ref. [14], we obtain an expression that
relates #; to the applied bias. After implicit differentiation
and using Eq. (2), we can write the RTD capacitance as

€y €
Cr1p = =—. 3
KD tg+ 1t + 2l‘b +t, + 1 tcap ( )

Here, ¢, is the width of the depletion region, # is the width
of the collector spacer, and ¢, is the distance from the cen-
troid of the accumulation subband to the emitter barrier, as
depicted in the inset of Fig. 4.

Exp.Nf* =4x10"cm™

Theory: Ny=9x10% cm™®
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FIG. 4. IlI-nitride RTD capacitance measured under close-to-

equilibrium conditions for the two RTD designs with different
contact doping concentrations N, and N *. Employing our ana-
lytical model for polar RTDs, we also compute the theoretical
RTD capacitance, given by Eq. (3), for the structure shown in
Fig. 1(a), while varying the doping concentration between 1 x
10" and 9 x 10" cm™3 (blue curves). The agreement between
the experimental and theoretical results reveals that polar RTDs
behave effectively as parallel-plate capacitors when the popula-
tion of the resonant level is negligible. The inset depicts a general
polar RTD structure, which shows the various layer thicknesses
employed to calculate the effective parallel-plate distance fc,p =
tq +ty + 2t + t,, + t. and RTD capacitance Crrp = €/%cap-

Equation (3) reveals that polar RTDs behave effectively
as parallel-plate capacitors with an effective plate separa-
tion given by fep = fa + t; + 2t + t,, + f.. We point out
that this simple picture is valid only when the charge inside
the quantum well is negligible compared with the popula-
tion of the accumulation well and collector space-charge.
As the bias increases and ground-state population builds
up, deriving an analytical expression for the RTD capac-
itance becomes difficult. In this regime a self-consistent
approach would be necessary for computing the charge
stored within the active region and the effective RTD
capacitance [38].

To verify the validity of our model, we measure the
small-signal admittance of our devices at room temper-
ature. A 10-mV ac signal is applied to the RTDs while
sweeping the dc voltage within the range —2 V < Vs <
42 V. To extract the device capacitance it is required
that the susceptance dominates the overall device admit-
tance, and thus the phase angle should be approximately
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90°. After verifying this behavior, the RTD capacitance
is extracted employing a small-signal circuit model com-
posed of a capacitor in parallel with a high-impedance
resistor.

The measured capacitance-voltage (C-V) curves are
shown in Fig. 4, which also displays the theoretical capac-
itance values obtained using Eq. (3). In contrast to the
initial reports of capacitance in Ill-nitride RTDs [39],
our devices exhibit repeatable current-voltage characteris-
tics and also stable C-J" behavior verified by dual-sweep
measurements. The capacitance of polar RTDs exhibits a
monotonic decrease as the bias is swept from negative to
positive values, consistent with the widening of the deple-
tion region. This trend contrasts with the symmetric C-V
curve measured in nonpolar III-V RTDs [40,41].

Good quantitative agreement is observed over the whole
voltage range for the GaN/AIN RTD with Nf =1 x
10! cm~3. On the other hand, the slight deviation encoun-
tered at high doping densities might be due to a cou-
ple of effects related to the RTD growth as well as the
approximations considered in our model. During epitax-
ial growth, it is likely that dopant diffusion results in a
doping tail inside the spacer region. Consequently, the
smaller effective parallel-plate distance 7., would lead to a
slight increase of the experimental RTD capacitance. Since
nonuniform doping lies beyond the scope of our analytical
model, it would be reasonable to expect a small deviation
between the measured and theoretical RTD capacitances.
However, the overall good quantitative agreement between
theory and experiments validates the proposed parallel-
plate model as an appropriate physical picture within the
low-bias range.

V. CONCLUDING REMARKS

To summarize, we have presented a comprehensive
study of the dc and ac tunneling transport characteris-
tics of polar GaN/AIN double-barrier heterostructures. The
interplay between the fixed polarization charge inside the
active structure and the mobile charge in the access regions
results in a pronounced modulation of the conduction-band
profile, which manifests in the resonant-tunneling condi-
tions and frequency response. These effects are studied
experimentally by systematically varying the doping con-
centration in the contacts, thereby modulating the width
of the collector space-charge layer. As the doping con-
centration increases, we show an enhanced control over
the energies of the quasibound states, leading to a lower
resonant-tunneling voltage. In addition, due to the nar-
rower thickness of the space-charge region, we observe
for the first time repeatable NDC under both bias polari-
ties of GaN/AIN RTDs, attesting to the high quality of the
double-barrier heterostructure. These findings shed light
on the important effects of the space-charge regions on the
resonant tunneling transport characteristics of polar RTDs.

To explore the consequences of increasingly high dop-
ing levels, we also develop a model which predicts a lower
bound for the minimum achievable resonant-tunneling
voltage as the doping density approaches the solubility
limit. Moreover, the effects of the space-charge distribution
on the device admittance are also experimentally probed
by measuring the small-signal frequency response of
GaN/AIN RTDs. These results indicate that under close-to-
equilibrium conditions, polar RTDs behave effectively as
parallel-plate capacitors. This phenomenon is completely
captured by our polar RTD model from which we derive an
analytical expression for the bias-dependent RTD capaci-
tance. The good quantitative agreement between the theory
and experiments confirms the validity of our model, pro-
viding a clear physical picture for the charge storage
mechanism exhibited by polar RTDs.
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