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The microwave properties of novel all-epitaxial Al/AlGaN/GaN low-barrier Schottky diodes with near-surface
polarization-induced §-doping are studied. An original technique for on-wafer microwave measurements of test
structures is used. The possibility of development of a highly sensitive zero-bias microwave detector based on
a planar low-barrier metal-semiconductor-metal heterostructure, which does not require the formation of ohmic
contact of the semiconductor with the metal, is demonstrated. Estimates show that the cutoff frequency of such a
detector can reach approximately 100 GHz for relevant values of the detecting contact area ~ 10 um?.
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Introduction

Mastering the microwave-terahertz frequency range of
the electromagnetic spectrum requires the creation of
convenient and compact solid-state devices for detecting,
mixing, and rectifying signals. The most common nonlinear
elements in uncooled receivers and RF/DC converters of
microwave-terahertz radiation are Schottky (Mott) barrier
diodes [1,2]. Diodes are widely used in mixing and
rectifying circuits. Somewhat less frequently, Schottky
diodes are used as quadratic and video detectors [3].
To ensure high detection sensitivity, diodes with a re-
duced effective Schottky barrier height are required to
eliminate the need for a constant bias. This simplifies
the receiver design and results in lower noise levels
due to the absence of DC bias current. An example
is low-barrier Mott diodes based on GaAs with near-
surface isotype &-doping [4,5]. In the mixing mode
of operation, reducing the effective height of the diode
barrier makes it possible to decrease the required local-
oscillator power level [6,7], and in the rectifier mode
this increases the efficiency of RF/DC conversion for a
low power of the microwave signal [8,9]. Other types
of nonlinear elements that operate without constant bias
are also being developed. These include planar doped
barrier diodes [10], diodes based on InAs/AlSb/AlGaSb
heterostructures with interband tunneling [11], resonant
tunnel diodes based on AlAs/InGaAs/InAs [12], asymmetric
spacer tunnel layer diodes [13], semimetal/semiconductor
diodes [14], InP/InGaAs heterobarrier diodes [15], het-
erostructure diodes with AlGalnAs graded-gap barrier [16],

InGaAs/AlGaAs/GaAs heterobarrier diodes [17], self-
switching diodes [18], lateral diodes [19], FETs [20], etc.
The specificity of wide-gap nitrides lies in the possibility
of creating devices operating at high power densities and
temperatures, exposure to radiation, and in aggressive
environments [21]. The unique characteristics of these
materials are due to the high binding energy of the atoms
in the crystal lattice and the wide band gap. At the
same time, this makes it difficult to create low emission
barriers. There is little research on zero-bias GaN diodes.
A few examples include self-switching [18] and lateral [19]
diodes. Note that both types of devices, although called
diodes, use the transistor detection principle. Another
distinctive feature of wide-gap nitride semiconductors is
the record values of spontaneous polarization and the
piezoelectric tensor component. Strong polarization effects
can be used as an additional degree of freedom in the
development of device heterostructures based on these
materials [22]. Our recent papers [23,24] demonstrated the
possibility of reducing the effective height of the Schottky
(Mott) barrier in a metal/AlGaN/GaN heterostructure with
Ga-face polarity due to polarization-induced &-doping of
the AlGaN/GaN heterojunction. A positive polarization
charge located in the plane of the AlGaN/GaN heteroin-
terface forms a potential profile with a tunnel-transparent
trapezoidal barrier at the interface with the metal, which
reduces the effective height of the diode barrier. In
Ref. 24 all-epitaxial Al/AlIGaN/GaN low-barrier Schottky
diodes with high values of low-frequency ampere-watt
sensitivity & = —(dR/dU)/(2R) and low specific value of
differential resistance R at zero bias U were fabricated
using molecular beam epitaxy (MBE). This paper stud-
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ies the impedance and detection characteristics of such
diodes in the microwave range. The impact of structural
defects, the high density of which is typical of nitride
heterostructures grown on lattice-mismatched substrates, is
studied.

1. Description of diode structures and
measurement techniques

Diode heterostructures were grown by MBE with nitro-
gen plasma activation in an STE 3N3 (SemiTEq) setup with
an HD25 active nitrogen source (Oxford Applied Research).
Two-inch sapphire wafers with the ¢ (0001) plane oriented
parallel to the wafer surface were used as substrates. After
the formation of the buffer layers, a contact layer of n™-GaN
1 um thick and heavily doped with donors (Si) was grown.
A nominally undoped GaN barrier layer 120 nm thick was
then grown, followed by an undoped Al,Ga;_N layer 1 nm
thick. At the end of the growing process, to create a
Schottky barrier, an epitaxial single-crystal metal layer of Al
70 nm thick was formed from the same effusion cell that was
used when the semiconductor part of the heterostructure
was grown. The chemical composition of heterostructures
was analyzed by secondary-ion mass spectrometry using
a TOFSIMS-5 (IONTOF) setup. X-ray diffraction mea-
surements were performed using a Bruker D8 Discover
X-ray diffractometer. The fabrication process and diagnostic
methods of heterostructures are described in more detail in
Ref. 24. Figure 1 shows schematically the depth-dependence
of the position of the bottom of the conduction band and
the position of the Fermi level in a low-barrier diode het-
erostructure [23,24]. Two low-barrier diode heterostructures
D1 and D2 with a similar composition of the Al,Ga;_,N
solid solution (x =~ 0.6) were studied. Diode heterostructure
D3 without an Al,Ga;_,N layer, namely, a conventional
Al/GaN Schottky diode with a standard barrier height, was
also examined for comparison. The doping level of the
nT-GaN contact layer in diode heterostructures D1—D3
was 1.2 x 10Pcem™3, 2 x 10Pem~3, and 3 x 1088 cm™3,
respectively.

To explore the microwave properties of diodes, we used
the approach that we had previously employed to study
various electrophysical characteristics of diode and transistor
heterostructures on a growth plate [17,25]. Test planar
diode structures, representing two back-to-back Schottky
contacts, separated from each other by an annular gap
free of metallization, with inner and outer radii ¢ and b,
respectively, were fabricated. Structures with a = 10um
and b = 20 um were used for the measurements. When test
structures were formed, additional metal layers of Au/Ni
(100 nm/50 nm) were deposited on the samples on top of
the Al layer using electron beam evaporation. A scheme of
the layers sequence of the test diode structure is shown in
the inset to Fig. 1. To perform microwave measurements,
the test structures were connected to an E8361A Vector
Network Analyzer (VNA) (Agilent Technologies) using a
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Figure 1. Band diagram of a low-barrier diode heterostructure.
The inset shows a scheme of the layers sequence in the test diode
structure and a photograph of the test structure in contact with the
microwave probe.

microwave probe (Cascade Microtech), as shown in the
photograph in the inset to Fig. 1. A DC voltage source
for measuring the dependence of the diode parameters
on the bias and a voltmeter for measuring the detected
voltage were connected to the structures through a low-
frequency circuit built into the VNA, decoupled from the
microwave path. The impedance spectra of the structures
Zn=Zo(1+811)/(1 —S11) (Zy =50%) were determined
from the measured frequency dependences of the reflectivity
of the probing signal S1;. The reflectivity was measured in
the frequency range f = 0.01 — 67 GHz (1600 frequencies
distributed over the range with a logarithmic step) for the
power level —20dBm of the microwave signal generated
by the VNA. Before measurements, single-port calibration
of the analyzer and microwave path was performed using
a standard set of calibration measures. To determine
the unknown parameters of the diode heterostructure, we
introduced the residual function

P2 { [Reéf?z;f)]z + M) } O

where the summation is carried out over all frequen-
cies at which impedance measurements were performed.
Function @ characterizes the relative deviation of the
model impedance value Z of the test diode structure
from the experimental value Z,. The desired values
of the unknown parameters of the heterostructure were
taken to be those values that minimized the residual
function. The ® minimization procedure was performed in
the frequency range f = 0.05 — 50GHz. The impedance
of the test structure can be represented as the sum
Z=27Z;+Z,+ R,. Here, Z; is the impedance of the internal
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distributed Schottky contact, Z, is the impedance of the
external distributed contact, R, = (p,/2m)In(b/a) is the
resistance of the annular semiconductor region with sheet
resistance p, located between the internal and external
contacts. The problem of the impedance of distributed
metal-semiconductor contacts of various shapes has been
considered many times in the literature [26,27]. The solution
is based on representing the contact as a transmission
line with a small-signal propagation constant y = (pg)!/?,
where g is the admittance per unit area of the transition
between the metal and the semiconductor, p is the sheet
resistance of the semiconductor under the metal. For the
structures under study, with a high degree of accuracy,
p =p, and is determined by the sheet resistance of the
heavily doped contact layer. It is assumed that the
drop in DC voltage across the non-depleted region of the
semiconductor can be neglected; therefore, p is coordinate
independent. Taking this into account, the impedances of
the internal and external distributed contacts of the test
structure are determined by the expressions [25,27]

_p Dya)
Zi= 2nya 1i(ya)’ @
o Ko(yb)

Ze = 2ayb K((yb)’ (3)

where [, and K, are modified Bessel functions of order n.
When the dependences of the parameters of diode het-
erostructures on the DC bias voltage were measured, the
internal contact of the test structure was the measuring
one. For reverse and small forward biases of the internal
contact, the DC voltage drop on the external contact can
be neglected due to its significantly larger area. This also
makes it possible to use test structures for measuring static
I — V characteristics of the diodes. The I — V characteristics
of low-barrier diodes D1 and D2 were measured on the
same test structures on which the microwave measurements
were carried out. The I —V characteristic of the diode
heterostructure D3 was measured on a separate sample
using a Schottky contact with a diameter of 10um and
an ohmic contact formed by fusing a drop of indium
deposited on the surface of a semiconductor.  Static
I —V characteristics were measured using a 4200-SCS
parametric analyzer (Keithley Instruments). When studying
the detection characteristics, the internal contact of the
test structure was the detecting one, and the external one
played the role of an ohmic contact. It follows from the
calculations based on the results of the measurements that
in the frequency range we used, the radius of the internal
contact is less than the characteristic length |y|~! of current
flow into it; therefore, the contact behaves as a nonlinear
one with lumped parameters. Since ReZ; > Re Z,, much
more power is absorbed in the internal contact than in
the external one. Moreover, the nonlinear properties of
the external contact are greatly suppressed because its
dimensions are much larger than |p|~! [27]. For these
reasons, the detecting properties of the external contact can

be neglected. The volt-watt sensitivity of the test diode
structures was measured without supplying an external bias
at several fixed frequencies at the power level —20dBm of
the microwave signal generated by the VNA. The detected
voltage was measured using a 34401A multimeter (Agilent
Technologies). Measuring the reflectivity of the microwave
signal from the diode structure together with calibration
measurements made it possible to determine the power
absorbed in the structure.

2. Results and discussion

Static /—V characteristics and dependences of specific
differential resistance and low-frequency ampere-watt sen-
sitivity on voltage for the diode structures under study are
shown in Fig. 2. The dependences R(U) and a(U) were
obtained by numerical differentiation of the measured /—V
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Figure 2. Static /—V characteristics and dependences of specific

differential resistance and low-frequency ampere-watt sensitivity on
voltage for the studied diode structures.

Technical Physics, 2025, Vol. 70, No. 6



Schottky diodes based on monocrystalline Al/AIGaN/GaN heterostructures for zero-bias microwave detection 1083

Diode parameters.

Name of diodes D1 D2 D3
R at zero bias,Q -cm? 9.7 x 1074 (2.7 x 1073 3800
a at zero bias, A/W 6.4 72 154
Ry at zero bias, Q- cm? [ 9.2 x 1074 2.5 x 1073
Cy at zero bias, F/em? | 9.9 x 1078 [1.08 x 1077| 7.8 x 1078
1y at zero bias,nm 93 85 118
r at zero bias, Q2 -cm?> | 4.3x 107°|4.8x107%| 3 x 1077
R, at zero bias, 2 -cm® [8.4x 1073 [5.9%x 1073 | 1.3 x 1072
C, at zero bias,F/em®> |6.9x107%|1.5x 1077 |8.1 x 1078
7 at zero bias, s 6x1071° 1 9x1071% | 1.1 x 107
Ry at zero bias, Q- cm?| 8.3 x 1074 | 1.8 x 107* | 1.3 x 1072
Cs at zero bias, F/em? [1.68 x 1077]2.58 x 1077{1.59 x 107’
0,Q 21 14 60
u,cm? - Vg7l 250 220 350

characteristics. The values of these parameters at zero bias
are given in Table. The difference in the /—V characteristics
of diodes D1 and D2 is apparently due mainly to a slight
difference in the composition of the solid solution of the
AlGaN layer.

Symbols in Fig. 3 show the frequency dependences of
the real and imaginary parts of the impedance of the
test diode structures, measured at zero DC voltage bias.
The resulting spectra are not described by the simplest
Schottky barrier admittance model, which corresponds to an
equivalent circuit with a parallel connection of frequency-
independent barrier resistance R, and capacitance Cj. It
can be assumed that the reason is the impact of structural
defects with trap states in the band gap of the nominally
undoped GaN barrier layer. To take into account the effect
of traps, we will use the simplest approach, according to
which the Schottky contact can be described using the
equivalent circuit shown in the inset to Fig. 3 [28,29]. The
corresponding admittance per unit contact area is given by
12nfC; :

1
1+ i2ﬂfR,C,> tr @

1
g = [(— L i2nfCy +
R,

Here, i is the imaginary unit, the series circuit R,C,
describes the trap states, r is the resistance of the non-
depleted part of the barrier layer per unit area (if unin-
tentional doping of the layer occurs). The values of the
parameters of diode heterostructures at zero bias, obtained
using the ® minimization procedure, are given in Table. The
corresponding model frequency dependences of Z, shown
by solid lines in Fig. 3, demonstrate good agreement with
experimental dependences. For comparison, the dashed
lines show the model impedance spectrums in the absence
of traps. The impact of traps is most pronounced in the
high-barrier diode D3. The high Schottky barrier resistance
of this diode does not contribute to the impedance in the
frequency range under study; therefore, the real part of
the impedance at frequencies less than a few gigahertzes is
determined by the resistance of the traps. As follows from
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Figure 3. Experimental (symbols) and model (lines) impedance
spectra of test diode structures at zero DC bias voltage. The inset
shows the Schottky contact equivalent circuit used.

Table, the values of the differential resistance of the Schottky
barrier of low-barrier diodes D1 and D2 obtained from
the impedance spectra (R,) are close to the corresponding
static values determined from the /—V characteristics (R).
The values of electron mobility ¢ in the contact layer are
calculated from the obtained values of p. The thicknesses
l; of the depleted regions, determined from the values of
the barrier capacitance Cj, are smaller than the thickness
of the barrier layer. This indicates that in the nominally
undoped barrier layers there is unintentional donor doping
and the layers are not completely depleted. This was
confirmed by the non-zero obtained values of resistance r.
In the high-barrier diode D3, the barrier layer is close to
complete depletion, and r is an order of magnitude smaller
than that of low-barrier diodes. When heterostructures are
formed, to obtain an atomically flat growth surface, the
metal-enriched mode of MBE growth of barrier layers was
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used, which favors the formation of nitrogen vacancies in
the semiconductor [30,31]. Therefore, it is most likely
that the observed unintentional donor doping of GaN is
due to nitrogen vacancies [32]. It can be seen in Table
that C;, ~ C,. It follows that the concentration of traps is
greater than or of the order of the concentration of ionized
uncompensated donors [28]. This also indicates that the
nitrogen vacancies themselves can be traps. As follows
from Table, the relaxation time of filling traps in diodes is
7 = R,C, ~107%s. For typical cross sections of electron
capture by traps in GaN, which are 1071© — 10713 cm?
this relaxation time at room temperature corresponds to the
position of trap levels 0.07—0.25eV below the conduction
band [33,28]. Structural defects with trap states in this
energy range can be both nitrogen vacancies and some
types of dislocations [34]. At frequencies much lower
than (2777)~!, the diode capacitance is determined by the
sum of the barrier capacitance and the trap capacitance
Ciy = Cp + C;. At frequencies much higher than (277)71,
the traps almost do not contribute to the diode capacitance
and reduce the diode resistance Rj,; = RyR,/(R, + R;),
which improves the possibility of matching the diode with
the microwave path.

Figure 4 shows the dependences of the parameters
of diode heterostructures on the DC bias voltage. The
obtained dependences of the barrier differential resistance
of low-barrier diodes D1 and D2 are in good agreement
with similar dependences determined from static 1 —V
characteristics. The barrier capacitance of low-barrier diodes
first decreases with increasing reverse bias and then remains
almost unchanged due to the onset of complete depletion
of the barrier layer. For the same reason, with increasing
reverse bias, the resistance of the non-depleted part of the
barrier layer decreases and becomes zero. The barrier layer
of diode D3 at zero bias is close to complete depletion;
therefore, the dependence of the barrier capacitance on
reverse bias is weak. It follows from Fig. 4 that with
increasing reverse bias, the trap capacitance of all three
diodes and the relaxation time of filling traps in low-
barrier diodes decrease, which corresponds to the simplest
model of traps in a Schottky contact to a uniformly doped
semiconductor [28]. Another behavior of the relaxation
time of filling traps under reverse bias in diode D3
(r(U) = const) is due probably to complete depletion of
the barrier layer and the impact of a heavily doped contact
layer. Using the capacitance-voltage profiling method [33]
with the found C,(U) dependences, profiles of the electron
density distribution over depth in the barrier layers of
low-barrier diodes were constructed. Irom the resulting
profiles shown in Fig. 5 (square and round symbols), it
follows that the concentration of ionized uncompensated
donors in the barrier layers is ~ 5 x 10°cm™3. The
sharp increase in concentration on the profiles is due
to the approach of the boundary of the depleted region
to the heavily doped contact layer. It is interesting to
note that capacitance measurements at low frequencies
can overestimate the electron/donor concentration due to

S
of 5 BTG o** | 4200
10V E ® r o) C[ .‘
A—T 3 A
L e
- ~* 4100
1072;-00 o000 0000 oo o-©°
fam sss-—S-888 mm g
-
4 _Dlu ' | oclo“ 1o
l—’h E
e
0L
5105 88AA'AAA 200g
G L & :
Nﬁ 72:_°°0 Oo:ooo ° 00 0J 100{5:
glo %I-I-l a-m-m-E-E-B- ---. &
G I ,
& e 10
[ o000 0-0 00 00 0— ooc 175
IOO;AAAAAA/\AADA A-D-N—
o
: " 150
L e
oo'O
10*1:-D3I .
-0.6 -0.4 702 0
U,V

Figure 4. Dependences of the parameters of diode heterostruc-
tures on DC bias voltage.

the contribution of trap capacitance. =~ To demonstrate
this, unfilled triangular symbols in Fig. 5 show the con-
centration profile constructed from the capacitance-voltage
dependence of the high-barrier diode heterostructure D3,
which was obtained using a standard LCR meter at a
frequency of 1 MHz based on a Schottky contact with a
diameter of 200 um, made on a separate sample. The
observed concentration is overestimated by an order of
magnitude. An almost identical profile (filled triangular
symbols in Fig. 5) is obtained by using the sum of the
found dependences of the barrier and trap capacitances
on voltage C;¢(U) = C,(U) + C;(U) of diode D3 to con-
struct it.

Symbols in Fig. 6 show the experimental dependences
of the volt-watt sensitivity of test diode structures on
frequency. The obtained characteristics are not described
by the standard frequency dependence of the volt-watt
sensitivity of a Schottky diode [35]. It is expedient to
assume that this is due to the presence of traps. Traps
have a current nonlinearity (R,(U) # const), but cannot
create direct current. Therefore, their effect on the volt-watt

Technical Physics, 2025, Vol. 70, No. 6
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Figure 5. Profiles of the distribution of electron density over
depth in the barrier layers of low-barrier D1 and D2 diode
heterostructures constructed using the C,(U) dependences (square
and round symbols). The electron density profile derived from the
capacitance-voltage dependence of the D3 diode heterostructure
obtained at a frequency of 1MHz (unfilled triangular symbols).
The electron density profile derived using the C;¢(U) dependence
of the D3 diode heterostructure (filled triangular symbols).

sensitivity is limited to additional absorption of microwave
power. With this in mind, using the approach given in
Ref. 35, it is easy to obtain an expression for the volt-watt
sensitivity of a test diode structure with traps

RuR;

[r5(0) + Ry + Ri] [1 it R<’f>}

R=a

- )
(27 f )*Ryry (f)Cy
rx(f)
I+

x |1+ s - (5)

Here, R, = R,/(na?), C, = Cpma®, R; is the input resis-
tance of the multimeter measuring the detected voltage (this
resistance was chosen equal to 10 M2 when low-barrier
diodes D1 and D2 were measured and equal to 10 G2 for
measuring diode D3). The differences from a conventional
diode are that the expression for volt-watt sensitivity (5) has
an additional multiplier

(6)

2R, 2C, R
Ct)2 L Ry + CI’ + rs(.hf)

‘g(f)_”(c_b 1+ QafRCY

related to traps, and series resistance is frequency depen-
dent:

r P 0 b
s(f)=—+—+—In| - RelZ,.(f)]. 7
) =yt et Lo (2) 4Rz ()
As can be seen from (7), series resistance consists of
four terms, namely, resistance of the non- depleted part
of the barrier layer under the internal contact, spreading
resistance in the contact layer under the internal contact [26],
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Figure 6.  Experimental (symbols) and calculated (lines)
dependences of the volt-watt sensitivity of test diode structures
on frequency.

resistance of the annular semiconductor region between
the internal and external contacts, and the real part of
the external contact impedance. Calculated frequency
dependences of R shown by solid lines in Fig. 6 show
good agreement with the experiment. When the calculated
dependences were plotted, the low-frequency ampere-watt
sensitivity a served as the fitting parameter. For diodes
D1-D3, a (A/W) values 5.9, 7.5, and 13, respectively, close
to those determined from static / — V' characteristics were
obtained. The dashed lines show the dependences R(f) that
would occur without traps. It can be seen that the traps
reduce the volt-watt sensitivity, but the effect is not very
significant (within tens of percent) in the case of low-barrier
structures. Note that the frequency dependence of the volt-
watt sensitivity of the high-barrier diode structure D3 was
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measured due exactly to traps that increase the microwave
conductivity of the diode by several orders of magnitude,
which improves its matching with the microwave path.
The measurements demonstrate the possibility of using a
planar low-barrier metal-semiconductor-metal structure as
a sensitive detector element. This is especially true for
the studied low-barrier heterostructures, where the Schottky
barrier is formed in situ, which prevents the use of high-
temperature thermal annealing in subsequent technological
operations for the manufacture of an ohmic diode contact.
As the frequency of the detected signal increases, the volt-
watt sensitivity of the diode decreases due to an increase
in the shunting effect of the barrier capacitance and an
increase in the fraction of microwave power dissipated
by series resistance. At signal frequency f., called the
detection cutoff frequency [35], half of the total absorbed
microwave power is dissipated by series resistance and
R(f.) =R(0)/2. One of the ways to increase the cutoff
frequency is to reduce the barrier capacitance of the
detecting contact by reducing its area. Consider, using
heterostructure D1 as an example, how the series resistance
and cutoff frequency depend on radius a of the internal
contact. Dashed lines in Fig. 7 show the calculated
dependences ry(a) at f =0 and f = 100GHz and the
dependence f.(a) for this heterostructure. At a = 10 um,
all four terms in the expression for series resistance (7)
are of the same order of magnitude and, for example,
are equal to 1.4, 0.8, 2.3, and 1.1Q2 at a frequency of
100 GHz. It follows from the figures that as a decreases,
series resistance increases rapidly, and the cutoff frequency,
as a result, increases relatively slowly. The rapid increase
in series resistance is due to the first term, namely, the
resistance of the non-depleted part of the barrier layer

100 £+

e, Q
[

'

"
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"
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20 fRRe s seEER ST g g
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Figure 7. Calculated dependences of series resistance (at f = 0
and 100GHz) and cutoff frequency on the radius of the internal
contact of the test structure for the D1 diode heterostructure
(dashed lines) and for the D1* hypothetical diode heterostructure
with optimized parameters of the barrier and contact layers (solid
lines).

under the internal contact, which depends quadratically
on a. The second and fourth terms do not depend on
a, and the third term has a weak logarithmic dependence.
It follows that to optimize a diode heterostructure, it is
necessary first of all to get rid of the non-depleted region
in the barrier layer, i.e., pass from the Schottky contact
to the Mott contact. The simplest way is to reduce the
thickness of the barrier layer to a value slightly less than
the thickness /; of the depleted region. Series resistance
can additionally be reduced by increasing the thickness
and conductivity of the contact layer. Solid lines in Fig. 7
show the calculated dependences r,(a) and f.(a) for a
hypothetical optimized diode heterostructure D1*, which
has a barrier layer thickness of 75nm, a contact-layer
sheet resistance of 4.7 (the layer thickness is 2 um, the
electron density is 6 x 10!° cm™3, and the electron mobility
is 110ecm?-V~1.571), and otherwise is identical to the
D1 heterostructure. The electron density and electron
mobility values in the contact layer used for calculations
were observed in real structures with n*-GaN layers grown
in our MBE setup. It follows from the figure that a cutoff
frequency of 145 GHz is reached for the D1* heterostructure
ata = lum.

3. Conclusions

Microwave properties of all-epitaxial Al/AlIGaN/GaN low-
barrier Schottky diodes fabricated by the MBE method
have been explored. The studied low-barrier diodes had
a specific differential resistance of ~ 1073 Q-cm? and a
low-frequency ampere-watt sensitivity of about 7A/W at
zero bias. An original technique for on-wafer microwave
measurements of test structures was used. All basic
parameters of diode heterostructures and diode detection
characteristics have been determined. It was shown that
there is unintentional donor doping in the GaN barrier
layer, probably by nitrogen vacancies, leading to incomplete
depletion of the layer. The thickness of the depletion
of the barrier layer determines the barrier capacitance,
which for the studied low-lbarrier diodes had a specific
value of ~ 1077 F/cm? at zero bias. The non-depleted
part of the barrier layer gives the main contribution to
the series resistance of small area diodes. Measurements
have shown that diode heterostructures contain trap states
in the semiconductor band gap with a filling relaxation
time of ~ 10~%s. The traps observed in the barrier layer,
presumably related to nitrogen vacancies or dislocations,
have a notable effect on the impedance and detection
properties of diodes. At frequencies much higher than
the inverse of the filling relaxation time, traps increase
the conductivity of the diode, which improves its matching
capabilities with a microwave transmission line or antenna,
but leads to a decrease in volt-watt sensitivity ~— The
possibility of development a zero-bias microwave detector
based on a planar metal-semiconductor-metal heterostruc-
ture with two back-to-back low-barrier contacts of different
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areas, which does not require the formation of ohmic
contact of the semiconductor with the metal, has been
demonstrated. Estimates show that when optimizing the
parameters of the heterostructure (reducing the thickness
of the barrier layer until it is completely depleted, in-
creasing the thickness and doping level of the contact
layer), the cutoff frequency of such a detector can reach
approximately 100 GHz for relevant values of the detecting
contact area ~ 10um?, which is comparable to the best
results.
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