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Within the framework of a generalized theoretical model of the uncooled millimeter-wave diode detectors, an
analysis and comparison of their achievable characteristics was carried out. The approach is based on the tunnel
model of current transfer. A one-dimensional structure that consists of a semiconductor/dielectric barrier layer
between two electrodes is considered. The scattering of charge carriers in the barrier layer is assumed to be
insignificant. Direct detection of a weak millimeter-wave signal is theoretically studied. Expressions for the current,
the conductance, the curvature coefficient of the diode are derived. Possible families of the considered class
of detectors are determined, their achievable characteristics are analyzed. It is shown that all detectors of the
considered class can be divided into two families with qualitatively different behavior of the curvature coefficient
in dependance on the diode conductance. It is obtained that the current sensitivity of the diodes that belong to
the first family cannot exceed 20 A/W, while diodes of the second family can achieve ~ 500 A/W. However, this
value is significantly lower at a zero-bias condition, when only ~ 30 A/W can be practically obtained for the second

family diodes. The results of this work can be useful at choosing the diode type for a specific practical problem.
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Introduction

Uncooled millimeter-wave detectors are widely used to
solve certain scientific and practical tasks, such as radio
imaging [1,2], spectroscopy [3], diagnostics of materials [4],
wireless power transmission [3] etc.

Generally the detector is one or several non-linear
elements included in a transmission line [6]. A transmission
line could be a metal waveguide, a coplanar line, an antenna.
A non-linear element converts a high-frequency signal into
a low-frequency signal.

When describing the detecting properties of non-linear el-
ements, it is convenient to separately consider the elements
with a different number of electrodes: two (diodes), three
etc. Among the millimeter-wave detector diodes the most
universal and common is a Schottky barrier diode [7]. Other
types of diodes are being actively developed and used: a
inversed diode [8], a resonant-tunneling [9], a heterobarrier
one [10] etc. The last two—three decades were marked by
success in design of a millimeter wave detector based on a
field transistor [11], which is an example of a three-electrode
non-linear element.

Diversity of detector diodes generates need for their
classification in order to compare the achievable charac-
teristics and to analyze the possibility of use for solving
specific practical tasks. Currently available papers of review
nature [12,13] focus on listing the available types of diodes
and their realizations without analysis of an inner link
between the mechanisms of electronic transport of the
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considered class of devices. This makes you think about
chances of existence of other types of detector diodes
and, therefore, find the data given in the review papers
incomplete.

The objective of this paper is to develop an approach to
classification and analysis of the achievable characteristics
of potential families of uncooled diode millimeter-wave
detectors based on using a single theoretical model.

1. Theoretical model
A one-dimensional structure is considered, which may
include both dielectric/semiconductor and metal layers. The
first and the last layers serve as electrodes, i.e. are well-
conducting layers made of either a heavily-doped semicon-
ductor or from metal. The conductance of electrodes is
such that their voltage drop may be neglected compared to
voltage drop in the intermediate layers that may jointly be
called a barrier layer. It is assumed that the structure is
crystalline. However, the work results will not change, if
the dielectric and metal layers are amorphous.

An expression for current density in a one-dimensional
crystalline structure has the following general appear-
ance [14]:

= dk
j:—eZ/ vk 2)g(n k, 2), (1)
"i(2)
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where v(n, k, z) — electron velocity; g(n, k, z) — distri-
bution function determined in such a manner that value
%?}‘g(n, k, z) is equal to the number of electrons per unit
of surface area in n-th permiited energy zone in the element
of the phase space volume dzdk with a center in point z,
k; e — elementary charge; k — wave vector; z — spatial
coordinate. Summation is carried out in all permitted energy
zones from 1 to N(z). The integral is taken for all values of
the wave vector in the first Brillouin zone Vi (2).

Let the boundary between the first electrode and the
barrier layer have the coordinate z = 0, and the boundary
between the second electrode and the barrier layer —
coordinate z =d, where d — barrier layer thickness.
Values of current density in electrodes in an arbitrary small
proximity to the specified boundaries in accordance with
equation (1) are given by the following expressions:

i = e [ 0990, (22)
Vi1

i = e [ psva)g:0. (20)
Vi,2

where lower indices 1 and 2 number the electrodes.
Charge transfer in the electrodes is determined by a single
energy zone, therefore expressions (2a) and (2b) exclude
summation by n.

Let us imagine the integral for three-dimensional area
Vi,12) in the form of an integral of two-dimensional
area S 12y and an integral of one-dimensional area
Lk,.12)(k1), where ki — wave vector projection on
a plane perpendicular to axis z, k, — wave vector
projection on a direction along the axis z. Since
vi)(ki, kz) = —vio)(ki, —kz) [14], we get the expres-
sion

i e
j= i3 / dk | / dkzv1(2)(kL’ kz)

Sae L iy (ko)

x [912) (KL, Kz) — 912y (ks Kz)], (3)

where g(2)(kL, kz) = 1) (KL, —kz), th,l(z)(kL) — sub-
set of Ly, 1(2)(k1), which meets the condition k; > 0.

By definition the electron velocity
v(ky, k) =dE(k,, k;)/d(Rk;) [14], where E(k,, k;) —
electron energy, h — reduced Planck’s constant. After

the velocity expression is included in equation (3) and
integration by k, changes to integration by E we get the
following expression for current density:

. e
j= = / dk / dE[gl(Z)(kJ-’ E)
S

112 Le i) (ki)

- 0i12)(kL, E)]. (4)

When expression (4) was derived, it was assumed that
energy E was a one-to-one function Kk, i.e. charge transfer
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in electrodes depended on electrons located in the same
valley. In case when in process of charge transfer in
electrodes several equivalent valleys participate, the current
value should be multiplied by the corresponding number of
valleys.

Let us further assume that electrons falling on the barrier
layer are in thermodynamic equilibrium state, i.e.

g1k, E) = f1(E), (5a)
02(k., E) = fa(E), (5b)

where f () (E) — Fermi—Dirac distribution function.

To find the distribution function of electrons exiting the
barrier layer, let us assume that in the barrier layer the
scattering is insignificant or totally absent. Le. the condition
of preserving the projection of electron wave vector k
and its energy E when the electron passes through the
barrier layer is met. Then the following expressions may
be obtained:

01k, E)=(1—-Pi(ky,E))fi(E) +Pi(ky, E)f2(E),
(6a)
gz(kl, E) = (1 — Pz(kL, E))fz(E) + Pz(kl, E)f 1(E),
(6b)
where Py (k. , E) — probability of electron passage with
initial parameters (k,, E) from an electrode 1(2) to an
electrode 2(1). After substitution of expressions (5a), (5b)
and (6a), (6b) in (4) we find

. e
=gy [ dke [ GEINE
S,

110 Le i) (ki)

— F2(E)|P12)(k1, E). (7)

The conditions imposed upon the properties of the
distribution function in electrodes (5a), (5b) and (6a), (6b),
and the condition of absent scattering in the barrier layer
practically reduce the considered current transfer model to a
tunnel model [15] with an additional simplifying assumption
on preservation of the wave vector projection k; as the
electron passes through the barrier layer.

Since k; and E are maintained when the elec-
tron passes via the barrier layer, outside of the set
Sk, =S NS 2o0r Le(ki) =Lei(ki) NLeo(ky) the
equation Py (ky, E) =0 should be identically satisfied.
Taking into account the specified conditions, one may
rewrite (7) in the form convenient for further analysis

jzv‘iﬁ/dh{ / dEf,(E)P,(k_, E)

S, Lea(ky)

- / dEF(E)Pi (k.. E) (8)
Lea(ki)
Starting from expression (8), let us count the electron

energy in the electrode from Fermi level in this electrode;
in this case f{(E) = f,(E) = f(E).
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To calculate the differential conductance of structure
G =dj/dV it is necessary to find out the shape of current
dependence on voltage j(V). Let us note that the fields of
integration, as well as the distribution function in (8) do not
depend on the applied voltage. The dependent value is only
the probability of electron passage through the barrier layer
Pi2)(k1, E, V). Let us imagine this function in the form of
a single rectangular pulse

Pi(k ,E,V)=0(E—Es(k,.,V)) —0(E—-E (ky,V)),

)
where  O(E — Ej g)(k1,V)) — Heaviside function,
Eisf)(ki,V) — upper and lower boundaries of the
energy authorized for transition through the barrier layer,
i ={1,2}. Let us assume that the position of the

boundaries linearly depends on the applied voltage:

Eisir)(ki, V) = Ei sr)0(ky) + aisry(ki)ev,  (10)

where
Eis(n.o(ks) = Eis(r)(kL, 0),
Qj s(f )(kL) = dEI s( (kL, )/d(ev),
where
aysry(ki) >0,  aygry(ky) <0,

laysct) (k)| + Jegsiry (ko) = 1.

Differentiating (8) by voltage with account of (9)
and (10) and integrating by energy, we find

2
G= o / dk. 2{|ai,s<ke>|f (Eis(k.))
Sc, =

—|ai’f(kL)|f(Ei’f(kL))}. (11)

In expression (11) it is assumed that for those k, , where
Eis(f)(ki) & Lei(ky), the parameter o; s()(kL) = 0.
Similarly we find the parameter of quadratic nonlinearity

B = (¢2]/0v?)/(d] /aV):
J 9T ) sl P Bl
—lai ¢ (ko) *f/(Ei s (k1))}
J dis 3 (sl (Bl ) -
) Gt EBD)

In (12) designation f/(E) = — &L f (E) is introduced.

Let us stop on coefficients a; s(f)(k1 ), which appear in
expressions (11) and (12) when using the approximation
of the linear dependence of the boundaries in the
area authorized for electron transition on the applied
voltage (10). In some special cases it is really so, for
example, when the energy boundary is a boundary of
the energy zone of the electrode. In cases of non-linear
dependence, the introduced linear approximation (10) is
based on the condition of a weak input signal, specific for
the mode of diode detection (see below).

2. Classification of detectors
and analysis of their characteristics

Under the conditions of a weak input signal Vgr, when
the ratio Vrg < 1/ is met, the main parameters charac-
terizing the sensitivity of the detector, are the differential
conductance G and parameter of square-law nonlinearity S.
This mode of instrument operation is called the square-law
detection. When the threshold level of signal Vgrrus. ~ 1/
is exceeded, the sensitivity of the square-law detector starts
decreasing, which is related to additional absorption of
power of the received signal in the nonlinearity of the
current-voltage curve of third degree [16].

Analysis of expressions (11) and (12) shows that all de-
tectors may be separated into two families with qualitatively
different properties. The first detector family meets the
following condition:

2

/ dky > lais(ky)|f (Eis(kL))

S, i=1
> /dkLka. t (k)| (Eif(k1)), (13a)
S, i=1
or
2
/dkLZ|ai,f(kL)|(1 — (Bt (k1))
S, i=1
> /dkLZ|a.skL |(1-f(Esky))). (13b)

S, i=1

The consequence of the conditions imposed is the fact that
the conductance of the barrier layer is determined only
by lower (expression (13a)) or upper (expression (13b))
boundaries authorized for transition of electron energy
intervals through the barrier layer. Condition (13a) is
related to electron conductance; condition (13b) — to hole
conductance of the structure. Further for more certainty we
will consider the case of electron conductance.

If the condition (13a) is met, the maximum (pos-
itive) value of the square-law nonlinearity parame-
ter B is achieved at ajs(ki)=0(Jazs(ky )] =1) and
a i (k) =0(ar s (k)| =1). At opposite values
@1(2),s(f)(k1) the same value is achieved by absolute
Value but with the opposite sign S. Let us con-
sider the case of the positive value of parameter p.
Let us also take into account the fact that in practi-
cally implemented structures meeting the condition (13a),
f dk  f/(Eps(ky)) < f dk f'(Exs(ky)). As a result,

for the first family of detectors we get the following
expressions:

e
S

(14a)
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[ dk, f/(Exs(ky))

S
B=e— . 14b
CRICE™N) (140)
Sk
The highest value is reached by  provided that
Ezys(kj_) > kgT, (15)
where T — structure temperature, kg — Boltzmann
constant. In this case
e’m’ kg T
Gk W, (1621)
e
=, 16b
B (16)

where M} — effective mass of electron in barrier layer.
The second family of the detectors is characterized by the
condition opposite to (13a) and (13b), namely

2
/ dici Y Jans(k ) f (Eis(ko)
S, i=1

2
N /dkLZ|ai,f(kL)|f(Ei,f(kL)). (17)

S, i=1

Therefore, conductance G may go to zero and take on
negative values. Since the negative differential conductance
is an unstable state of an electronic instrument, it may not
be used for signal detection. Therefore, only the areas of
parameters with G > 0 will be considered.

For the second family of detectors the maximum (posi-
tive) value of the square-law nonlinearity parameter is also
achieved at @) s(k.)=0 (Jazs(ky)|=1) and ay ¢(k, )=0
(ler,¢ (k1 )|=1). Expressions (11) and (12) will be recorded
then as follows:

G= % / dk {f (Exs(ky)) — f(Enr(ky))}, (18a)
S

J Ok { P (Basllen)) + (Err (ki)

- ¢ } dk, {f (Ess(ks)) — F(Evs(k)}

L

B (18b)

The numerator in the expression for B reaches the highest
value under the following conditions:

ming , By sr)(ki) <0,  |miny, By s¢r)(kp)| > kgT,

(19a)
maxy, Ex1)s(r)(ki) >0, [maxy, Ey)s(ry(ky)| > ksT.
(19b)
In this case,
e? . ) . .
G:W{mgﬂmmlu Eas(ky)|—m ,[ming, By ¢ (ki)|},
(20a)
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(20b)

where H = e} (m | +m| ,)/(27°1%), m ., — effective
mass of charge carriers in the plane perpendicular to
axis z in the first (second) electrode. Note that conduc-
tance G may regardless of H change its value within the
wide limits due to the change of |mingk, E;s(k )| and
| minkL El’f (kL)|

Using the found expressions for G and f let us analyze
the current sensitivity of the first and second detector
families. Current sensitivity S for a square-law detector
may be recorded as follows [16]:

B 1

S e (27fc)2rg/G’

(21)

where ¢ — capacity of the barrier layer per unit of surface
area, s — subsequent resistance to the barrier layer per
unit of surface area, f — frequency of detected signal.

For the first detector family, if the condition (16a) is met,
the parameter of square-law nonlinearity 8 does not depend
on conductance G. In this case current sensitivity (21)
reaches its maximum at

C(e2mtkgT 1
rfe)lrs < G« mm{%,—}, 22a
where e
S = —ZkBT. (22b)

Let us assess the conductance values compliant with the
condition of (22a). Let m’ ~ 0.1my [17], where my — mass
of free electron, ¢ ~ 1fF/um?, rg~ 1009 -um? [7,10],
f ~100GHz. Value of the specific capacity of the
diode was obtained based on the equation for the flat
capacitor capacity € = gpe/d, where d ~ 100nm [7,10],
and ¢ ~ 10 [17] — dielectric permeability of barrier
layer; &y — electric constant. Using the taken values,
we obtain 4-107°1/(Q - um?) < G < 10721/(2 - um?),
which means that the conductance takes on values
G~ 107*~10731/(Q2 - um?)).  Besides, current sensi-
tivity at room temperature (T =293K) is equal to
S =19.8 A/W.

For the second detector family the current sensitivity
reaches its maximum at

G <« 2xfc-min{l, 2nfrsc}, (23a)
then 5
e(m:  +mt
_ ( 1 L,z). (23b)
(2m)*R3(fc)rs
To assess the conductance value that meets
the condition (23a), let us take c ~ 30fF/jum?
rs ~100Q - um? [8,9,18], f ~ 100GHz. Note that

the selected capacity value is 30 times higher than the
corresponding value for the instruments of the first family,
which is explained by different in the barrier layer thickness:
compliance with the condition (17) is implementable only
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for tunnel mechanism of current flow, possible at barrier
level thickness of d ~ 1—10nm [8,9,18]. After substitution
of numerical values into expression (23a) we obtain
G<2-10721/(Q-pum?), from which it follows that
G <10731/(Q-um?). Value of the current sensitivity
of the second family detectors at the above values of
parameters and M ;, ~ 0.1my [17] may be assessed as
S ~ 500 A/W, which is approximately 20—30 times higher
than the achievable value of current sensitivity for the first
family detectors. More detailed analysis, however, may find
that the obtained high value of current sensitivity for detec-
tors from the second family may be achieved only in the
mode of diode operation with bias, when the compliance
with the conditions (19) is physically implementable.

Let us define the maximum achievable value of
current sensitivity of detectors related to the sec-
ond family in the mode of operation without bias.
First, note that for diodes operating in this mode,
maxy, Exs(k)) =ming, E; (ki) =Ep. Second, you can
show that the parameter of square-law nonlinearity S
is a monotonously decreasing function of parameter
AE = maxy El,f (kL) — minkL Ez,s(kL), and at AE — 0
the parameter is 8 — oco. For this reason we focus our
attention on the case

AE < kgT. (24)

If this condition is met from expressions (18a), (18b) we
find 5 5
em AE
G=———st——, 25
(4 )2 1kaT (252)

pole _of em 1
T AE T\ 2283k TG~ /G’

| = e\/ezm’i/(ﬂzfﬁks'r),

(25b)

where

mi = mp m /(M +m ).

Current sensitivity (21) at the same time reaches its
maximum, when

V1+ 1227 frsc)? — I
G 1+12(2nfrsc)?2 —1 < e’mi kg T (26a)

6rs S An )2

s — e e’my.
4(1+2rG) \| 22h3kg TG’

Substituting to (26a)

in this case,

(26b)

c~30fF/um?, rs~100Q-um?[8,9, 18],

f ~100GHz, m ., ~0.1my [17),

let us find G ~ 0.9-10721/(Q - um?). Using this conduc-
tance value, from (26b) we obtain S ~ 30 A/W. Therefore,

in the mode of operation without bias the maximum
achievable value of current sensitivity for the detectors
related to the second family is compared by the order of
value to the value obtained for the detectors of the first
family (see estimates of expressions (22a), (22b)).

Note that at the stage of obtaining the final expressions
for conductance, parameter of square-law nonlinearity and
current sensitivity, used for quantitative estimates, the ap-
proximation is introduced for the constancy (independence
on the electron energy) of two-dimensional (in the plane
perpendicular to the direction of current flow) density of
states. In case of the parabolic law of dispersion it is
precisely complied with. When deviating from the parabolic
law of dispersion, one may identify a section of electron
energies, which provide the main contribution to current
transfer, and introduce a certain average density of states
value in this section, which will impact the values of the
effective masses of charge carriers m |,  and .

The important parameter of the diode is its impedance Z,
which defines the possibility of the effective matching of the
element with the transmission line. Using the equivalent
scheme of the diode made of parallel-connected resistance
and capacity of the barrier layer with a serial resistance
thereto, one may find that [16]:

1

2= G it Tl (27)

Expression (27) makes it possible to assess the
value of diode impedance for the considered families
of detectors using the above values for c, rg, f and
the calculated value G. For detectors related to the
first  family, Z~[3—i16]-10>—[8 —i4]-10?><Q - um?.
For  detectors related to the second family,
Z~[1-i0.5]-10>Q-um? in the mode of operation
with bias and Z ~ [1.2 —0.4] - 10> Q - um? in the mode of
operation without bias. For effective agreement of the diode
with the transmission line in the wide band of frequencies
it is necessary that Re(Z) 2 |Im(Z)|, which under certain
values of parameters may be achieved for all considered
types of detectors.

To estimate the limit power of the input signal Prrys.
(per unit of the diode structure surface area), when the
conditions for implementation of the square-law detection
mode are not complied with, let us use the equation

G
8[1+rsG+ (2nfc)irs/GIS’

PrrusL & (28)

which may be derived from the ratio between the
power and the voltage of the input signal, and from
the condition Vgeyus. ~ 1/B. Substituting to (28) the
above specific values for every family of detectors c,
rs, f and the calculated values G and S, we find
that Prrus. ~3-1078 —3-.10~7 W/um? for detectors of
the first family, Prrus. < 1071 W/um? for detectors of
the second family in the mode of operation with bias
and Prryus. ~ 21077 W/um? in the mode of operation

Technical Physics, 2024, Vol. 69, No. 6
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Estimated values of characteristics of uncooled millimeter-wave detectors, examples of specific types of diodes

. Mode G, S, 2 2
Family of operation | 1/(S - um?) | AW Z,Q - um Preus, W/um Examples
1 Without bias 4 s ) ~ [300 s _, | Schottky barrier diode (7],
~107"=10 ~20 | —i 1600]—[800 ~3-107°=3-10 heterobarrier diode [10]
With bias —i400]
Backward diode [§],
Without bias| ~9-107° | ~ 30 | ~ [120 — i40] ~2-1077 resonant-tunneling
2 diode [9)
With bias <107 |~ 500| ~ [100 —i50] <1o7M Tunnel diode [18]
without bias. Note that Prryg o< 1/ 32, therefore Prrust Funding

may be increased by decrease of S.

The table for both families and both modes of detector
operation contains estimated value of the above analyzed
parameters, and also the examples of the specific types
of detector diodes with the corresponding references to a
literature source.

Conclusion

In the paper within a single theoretical model the
analysis was conducted, and quantitative estimates were
obtained for the main characteristics of the uncooled
diode millimeter-wave detectors. Analysis of expressions
for conductance and parameter of square-law nonlinearity
shows that all considered diodes may be divided into
two families, which qualitatively differ by their detecting
properties. The parameter of the square-law nonlinearity
of the first family detectors is limited by value 40 A/W,
while for the second family detectors this value may reach
the infinity. This feature is eliminated by taking into
account the spurious parameters of the diode, such as
capacity and serial resistance. Nevertheless, the maximum
current sensitivity of the second family detectors remains
20—30 times higher than in the first family detectors.
With zero bias the maximum current sensitivity of both
families of detectors is comparable and amounts to around
20—-30A/W. It is possible to specify as examples that
the Schottky barrier diode and heterobarrier-based diode
belong to the first family; the backward diode, resonant-
tunneling diode and tunnel diode belong to the second
family.

The proposed classification and the obtained estimate
values of detector parameters in the considered class may
be useful to select the optimal type of diode and preliminary
forecasting of the achievable characteristics of the end
devices, when the specific practical task is considered.
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