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Microwave volt-impedance spectroscopy of semiconductor structure
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Microwave voltage-impedance spectroscopy is used to study a semiconductor structure in the form of a doped

n-GaAs film grown on a conducting n+-GaAs substrate with a buffer sublayer. A system of concentric barrier

contacts is formed on the structure surface. A technique has been developed for measuring complex impedance

spectrum Z( f ,U) of the sample as a function of DC bias voltage U . Spectra Z( f ,U) were measured using a

Cascade Microtech probe station in the frequency range 0.01−40GHz with a lateral resolution of 15−30µm at

U = 0−10V. The main electrophysical characteristics of a semiconductor film were determined from the spectra:

type, concentration and mobility of free charge carriers, electrical conductivity. An excess resistance was found in

the range f = 0.1−20GHz. This effect is interpreted as the deep states (traps) recharging for two types of traps —
low-frequency l and high-frequency h with characteristic time τl = 10−9 s, τh = 4.2 · 10−11 s. A model description

is proposed that explains the characteristic shape of the trap resistance spectrum, its dependence on the contact

area and voltage U .
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characteristics.
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1. Introduction

Near-field microwave microscopy (NMM) — an effective

tool for studying materials and structures at micro- and

nanoscales [1–3]. Diagnostics of semiconductor materials

and structures is currently considered as one of the

most promising areas of application NMM [4]. The

opportunity of obtaining quantitative information on some

electrophysical characteristics of rather simple samples is

demonstrated. In particular, the electrical conductivity of

a bulk-homogeneous material, or the sheet resistance of

a thin-film structure is managed to be determined with

acceptable accuracy [5–14]. Meanwhile, the set of basic

electrical characteristics of a semiconductor, which includes

the type, concentration, and mobility of free charge carriers,

even on scales of several tens of microns, cannot yet be

determined using the NMM of classical designs. Existing

diagnostic methods, as a rule, use some physical model that

relates the measured electromagnetic response of the NMM

to the desired characteristics of the object under study.

The adjustable parameters of the models are determined

from calibration measurements on reference samples. Due

to the complex, often unknown geometric shape of the

NMM probe, the accuracy of the corresponding models is

insufficient for solving multiple-parameter inverse problems.

The transition to nanometer resolution is associated with

additional difficulties. The point is that even volume-

homogeneous semiconductors (unlike many other materi-

als) on the nanoscale are complexly structured objects.

Interaction with a metal probe and the presence of sur-

face states lead to the fact that carrier-depleted/enriched

area appears near the semiconductor surface, the thick-

ness of which the thickness d of which is usually

∼ 50−200 nm [15]. As a result, the inverse problem

becomes multiple-parameter even in the simplest case of

a homogeneous material. In addition, problems arise with

the use of dielectrics and metals as reference samples

for calibration. The use of semiconductor samples as

standards is also difficult, since the parameters of the

perturbed surface layer are difficult to control (besides the

characteristics of the semiconductor, they also depend on

the material, shape, and height h ∼ 10 nm of the probe

above the surface).

The formulated problem can be solved by a significant

change in the design of NMM. In our studies [16,17] we

used as a probe an antenna of a regular concentric shape,

formed directly on the surface of a semiconductor. The

diameter of the center disk of the antenna a determines the

resolution. A constant voltage U is applied between the

antenna electrodes, which allows to control the thickness

d(U) of the depleted near-surface layer. For microwave

measurements of the electromagnetic response (frequency
spectrum of the Z( f ,U) impedance of the probe-sample

system), a commercial probe station is used. In the geome-

try under consideration, the dependence d(U) is described

by the classical theory of the Schottky contact [15]. In such

a system, the probe model proposed in the paper [6]
becomes suitable for solving minimum a three-parameter

inverse problem. The known geometric characteristics of the

antenna (diameter a and height h = 0) are
”
proper“ model

parameters, so no additional measurements of adjustable

parameters are required. In some cases, instead of a

more general theory [6] rather simple analytical formulas
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describing the equivalent scheme of the probe-sample

system can be used. As a result, using a single-crystal

GaAs substrate, the paper [17] demonstrated the possibility

of determining the main electrophysical characteristics of a

semiconductor (type of charge carriers, their concentration n
and mobility µ, electrical conductivity σ , barrier band ben-

ding Uc) at a = 10−60 µm. We called the corresponding

diagnostic method proposed in the paper [18] microwave

volt-impedance (Z−V ) spectroscopy. In this paper Z−V -

spectroscopy is applied to the study of a more complex

film structure. The opportunity of determining the electrical

parameters of a semiconductor film under conditions where

the traditional four-probe method (DC Hall measurements

in Van der Pauw (VDP) geometry) does not allow to

determine the indicated parameters is shown.

Another result of the paper [17] (more detailed in the

article [19]) was the study of non-trivial resistive properties

of the Schottky contact.
”
Excess resistance“ found in the

frequency range f = 10−300MHz was associated with the

recharging of deep states (traps) present in the semicon-

ductor. Standard methods of trap investigation (admittance

spectroscopy and non-stationary deep-level spectroscopy)
are performed with a temperature pass (often from he-

lium) in the lower frequency band and do not provide

locality ∼ 10 µm. Microwave Z−V spectroscopy allows to

determine the concentration of traps at room temperature

with micron resolution. The high-frequency (up to 67GHz)
measurements carried out in this paper allowed to detect

atypical states (presumably traps) with an extremely fast

(∼ 4 · 10−11 s) recharge time in the studied sample.

2. Measurement technique and studied
sample

We have studied a homogeneous in the lateral plane

semiconductor structure, which was a sulfur-doped (S)
n-GaAs film and an n+-GaAs sublayer with a thickness of

d1 = 1µm and d2 = 1.5 µm, respectively (see Fig. 1). The
structure was grown on a conducting GaAs substrate. Layer

thicknesses and dopant concentration NS were determined

by secondary ion mass spectrometry (SIMS). According

to these data, the depth profile of the concentration S in

relative units has the form shown in Fig. 2. The electrical

conductivity of the substrate σs = 500 (Ohm · cm)−1 was

measured by the VDP method. A system of concentric

barrier contacts (antenna system) was formed over the

structure. Each 1.5× 1.5mm block of the system was

a lattice of nine antennas. One of the unit antennas

is schematically shown in Fig. 1. The technology for

contacts deposition is described in [17]. In microwave

measurements, we used two antennas A1, A2 with a

diameter of the central contact a = 14 and 27µm. Internal

diameter of external contact b = 57µm (A1), 68 µm (A2)
at c = 0.5mm. Scale a determines the lateral resolution

of the Z−V method. The issue of resolution is discussed

in detail at the end of Section 3. In a semiconductor film
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Figure 1. Scheme of measurements and structure under study.

VNA — vector network analyzer. CMP — CM probe. On

the insert — view of the concentric antenna from above.
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Figure 2. Impurity concentration profile (S) according to SIMS

data.

near to the interface with metal, a flat deplated layer is

formed. The thickness of layer is d(U) (d ≪ a), where U —
constant voltage applied between the central and external

contacts of the antenna.

The spectrum of the complex reflectance Ŵ( f ,U) of the

structure was measured using a Cascade Microtech (CM)
commercial probe station. The CM probe in the form

of a symmetric coplanar line with a coaxial junction was
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Figure 3. a — spectrum of the electric length of the CM probe from measurements in the Air mode. b — reflectance spectrum |Ŵ( f )|
of CM probe: 1 — Air; 2, 3 — antenna A2 at U = 0, 10V respectively. On the insert — the low-frequency part of the spectrum |Ŵ( f )|:
1 — Air, 2 — antenna A2 at U = 0.

connected to an Agilent E8361 A vector network analyzer

(VNA) and brought into contact with one of the antennas

in the sentral part of the sample (see Fig. 1). A single-port

calibration of the VNA was preliminarily carried out using

a standard electronic device connected to a coaxial cable,

which was used to connect the VNA to the CM probe.

The voltage U = 0, 1, 2, . . . , 10V was supplied from an

external source through a circuit decoupled from the

microwave path. Microwave measurements were performed

in the frequency range f = 0.01−67GHz (1600 points on

a logarithmic scale). Let us note that the measuring system

allows performing diagnostics at different points of the

structure surface, passing from block to block of the antenna

system, as was done in the paper [16]. In this paper,

we dealt with a laterally homogeneous structure, so the

measurements were carried out in one antenna block.

From the measurements of the Ŵ( f ,U) spec-

trum, we determined the complex impedance spec-

trum of the CM probe — test sample system

Z( f ,U) = R( f ,U) − iX( f ,U). The measurement tech-

nique was as follows. CM probe was modeled by a homo-

geneous two-wire line of length l with wave impedance ZCM

and wave vector kCM = (2π f
√

ε′l/c)(1 + iδ), where c —
speed of light, ε′l — dielectric constant of the line. We

assume ZCM = Z0 = 50Ohm, where Z0 — is the impedance

of the coaxial cable connecting the CM probe to the VNA.

The electrodynamics of the modeling CM probe line is

completely characterized by two parameters — electric

length le =
√

ε′l l and attenuation δ . These parameters

were determined in the set of calibration measurements

in the absence of contact between the CM probe and the

test sample (Air mode). The le length is determined by

measuring the ϕ( f ) phase spectrum of the Ŵ( f ) factor

in Air mode. For an end-open line, the VNA clamped

phase is defined as ϕ( f ) = (4π f /c)le . Then the length

measured in centimeters is le( f ) = 1ϕ( f )/(241 f ), where

1 f = f 2− f 1, 1ϕ = ϕ( f 2)−ϕ( f 1) — phase difference in

degrees according to measurements at two frequencies f 1,2

in GHz, and 1 f ≪ f = ( f 1 + f 2)/2. Spectrum le( f ) is

shown in Fig. 3, a. It can be seen that the length le does

not depend on f , and the average value of le = 3.02 cm

in the entire spectral interval. In the f < 20GHz range,

the phase is measured quite accurately, so that the accuracy

of determining le turns out to be no worse than a few

percent. At higher frequencies in the VNA operating mode

used, the accuracy of the ϕ( f ) spectrum measurements

decreases. As a result, we get the lenth le jumps from

point to point, reaching 50−100% (from 1.5 to 4.5 cm)
at f > 60GHz (see Fig. 3, a). In this regard, the Z( f )
spectrum was determined in a narrower range f ≤ 40GHz,

where the value le was assumed to be equal to the average

value with acceptable accuracy. As will become clear from

what follows, the specified limitation of the range does not

prevent the solution of the problems posed in this work.

The next calibration step was to determine the spectrum

of the loss factor δ( f ) in the CM probe modelling line.

For this purpose, the following ratios were used for the

reflectance Ŵ:

Ŵ( f , δ) =
Zin( f , δ) − Z0

Zin( f , δ) + Z0

, (1)

Zin( f , δ) = ZCM

Z + iZCM tg
(

kCM( f , δ)l
)

iZ tg
(

kCM( f , δ)l
)

+ ZCM

, (2)

where kCMl = (2π f le/c)(1 + iδ). In formula (2) in Air

mode, the line load impedance is Z = −i∞. The δ( f )
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spectrum was found by solving the equation:

|Ŵe( f )| = |Ŵ( f , δ)|, (3)

on the left side of which is the experimental spectrum

of the reflectance obtained during the calibration (curve 1

in Fig. 3, b), on the right side — the spectrum calculated

by the formulas (1), (2). Thus, as a result of the

calibration, the line parameters necessary for measuring Z
were determined — length le and spectrum δ( f ).
The R( f ) spectra obtained below are reliable in the

f > 0.1GHz range, since here the reflectance on the sam-

ple is |Ŵs ( f |) < |Ŵair( f )|, which can be seen from Fig. 3, b

and in the insert to this figure. This inequality means that

when the probe contacts the sample, additional losses arise

due to the fact that the load impedance in formula (2)
contains the real part Re(Z) = R 6= 0. Considering the

above, the frequency range in which the R( f ,U) spectra

were determined is narrowed to 0.1GHz < f < 40GHz.

To determine the Z( f ,U) impedance spectrum, the

Ŵe( f ,U) spectrum was measured at the contact of the SM

probe with A1, A2 antennas on the sample surface. Spectra

X( f ,U), R( f ,U) for each value U are obtained by solving

the system of equations:

1ϕe( f ,U) = 1ϕt( f , X , R), (4a)

|Ŵe( f ,U)| = |Ŵt( f , X , R)|. (4b)

The phase of the reflectance in degrees is calculated as

ϕt( f , X , R) = arctg

[

Im
(

Ŵt( f , X , R)
)

Re
(

Ŵt( f , X , R)
)

]

180

π
. (5)

The theoretical spectrum of Ŵt( f ) in (4), (5) was calculated
by formulas (1), (2), where the sample impedance is the

desired function of Z( f ,U) = R( f ,U)−iX( f ,U), and the

line parameters le, δ are determined during calibration. The

experimental and calculated phase shift on the sample

in (4a) are taken relative to the calibration values for each

frequency f . Meanwhile, for 1ϕe , the difference between

the experimental spectra on the sample and in the Air

mode — 1ϕe = ϕs
e−ϕAir

e is taken. In the calculation of the

function 1ϕt( f , X , R) (the right side of the equation (4a)),
the function is taken as the calibration value for phase of

the coefficient ϕAir
t ( f , X = −i∞, R = 0) in (1), (2).

The solution of the system of equations (4) with re-

spect to the parameters X , R was carried out using the

Given−Find(X , R) subroutine of the commercial Mathcad

package, which caused some technical problems. The

point is that the phase measured by the VNA is fixed

in the range −180 < ϕe < +180◦, and the calculation of

the phase by formula (5) gives −90 < ϕt < +90◦. As

a result, jumps are observed in the spectra of ϕe,t( f ) at

the transition of boundary values, as a result of which

the phase differences of 1ϕe,t are calculated incorrectly

in some cases. The problem is quite easily eliminated

by software for the experimental spectra ϕs
e ( f ), ϕAir

e ( f )

and in the theoretical spectrum ϕAir
t ( f ), after which the

corresponding functions become continuous over the entire

range f . For the function ϕs
t ( f , X , R), calculated inside the

Given−Find subroutine, phase jumps are not eliminated,

which is why the system of equations (4) has no solution

in the entire considered frequency range. The way out

is to split the f range into mmax separate sectors of

length 1 f m ≈ 2.4GHz, in which the ϕs
t ( f , X , R) function

is continuous. In each m interval we get a different

number of discrete phase values Mm in the logarithmic

frequency scale. At transition from sector to sector, the

number 180m (m = 1, 2, . . . , mmax) is added to the right

side of equation (4a). For each computed spectrum, the

boundaries of the sectors are selected empirically from the

condition for the existence of a solution in the entire sector.

To obtain the final spectra X( f ,U), R( f ,U) all sectors are

stitched together. As the frequency f increases, the number

of Mm decreases. For example, for an antenna A2 at U = 0

in the range 0.01GHz < f < 40GHz we have mmax = 17,

and M1 = 996, . . . , M5 = 40, . . . , M16 = 12 . . . . Thus, the

process of obtaining Z( f ,U) spectra turns out to be

quite laborious, and the limitation of the range by the

maximum frequency f = 40GHz is another argument from

the point of view of reducing the time spent on processing

experimental data.

3. Impedance spectra

The reconstructed spectra of reactance X( f ) and resis-

tance R( f ) of the probe in contact with the sample are

shown in Fig. 4 for antennas A1, A2 at U = 0, 2, 10V. The

reactance spectrum of X( f ,U) is related to the thickness

of the depleted layer d(U) by the relation (justification
see Sec. 4):

X( f ,U) =
1

2π f Cd(U)
, (6)

where the capacitance

Cd(U) =
ε′ε0Sa

d(U)
, (7)

ε0 — vacuum electric constant, ε′ = 12.9 — permittivity

of GaAs. Formulas (6), (7) allow to determine the

dependence d(U) from measurements of the spectrum

X( f ,U). The corresponding results for antennas A1, A2 are

shown in Fig. 5 in the normalized variables u = 1 + U/Uc ,

v = (d/d0)
2. The obtained d(U) function corresponds to

the following parameter values: d0 = 175 nm, Uc = 0.885V,

for which the experimental points in Fig. 5 lie with the least

square deviations on the line v = u, which corresponds

to the classical depletion theory [15] (complete depletion

approximation). The type of free charge carriers in the

film is determined by the sign of the bias voltage at

the central electrode of the antenna. In our case, the

function d(U) grows with the growth of U at a negative

bias, which corresponds to carriers of the n-type. At

U ≤ 10V, the maximum value d did not exceed 600 nm,

Semiconductors, 2023, Vol. 57, No. 3
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Figure 4. Spectrum of reactance (a, c) and resistance (b, d) of antennas A1 (a, b), A2 (c, d) for U = 0 (1), 2 (2), 10V (3 ). Solid

lines — experimental data, dashed lines — calculation results.

which is less than the film thickness d1. As a result,

it turned out to be possible to determine the electron

concentration in the film n f , but not in the buffer layer

and substrate. According to the depletion theory, we

have n f = 2ε′ε0Uc/(ed2
0) = 4.1 · 1016 cm−3, where e —

charge of an electron. Theoretical reactance spectra

in Fig. 4, a and c were calculated by formulas (6), (7) taking
into account the obtained dependence d(U). We can state

a good agreement between the experimental and theoretical

spectra X( f ,U).

The R( f ,U) = Re
(

Z( f ,U)
)

spectra shown in Fig. 4, b

and d demonstrate excess resistance in the range

0.1−20GHz, which we also found in [17] and studied

in [19] for single-crystal GaAs substrate. If, as in [19],
we assume that this resistance is due to the recharging of

deep states (traps), then the sample under consideration

contains two types of traps — low-frequency (l) and high-

frequency (h) with characteristic recharging time τl ≫ τh.

The next section shows that the R( f ,U) spectrum can be

represented as

R( f ,U) = Rl( f ,U) + Rh( f ,U) + r( f ). (8)

In formula (8), the depletion layer resistance Rl + Rh,

associated with the recharging of h- and l-traps, determines

the above-mentioned excess resistance, which is not taken

into account by the elementary theory of the Schottky

contact [20]. The resistance of traps of a certain type

t → l, h is described by a formula, which derivation is also

given in the following section:

Rt(ω,U) = Rt
sχt(U)

1

1 + ω2τ 2
t
, (9)

where ω = 2π f , Rt
s — saturation resistance

(Rt(ω,U=0) → Rt
s at ωτt≪1), Rt

s Sa=ρt=(τt/c0)(nt/n f ),

c0 = ε0ε
′/d0 = 6.5 · 10−4 F/m2, Sa = πa2/4 — the area of

the central contact of the antenna, nt — concentration of

Semiconductors, 2023, Vol. 57, No. 3
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trap charge carriers. Function

χt(U) =
√

1 + U/Uc (10)

characterizes the dependence of the resistance Rt on the

voltage U . The problem of the model description of the

resistance of traps is reduced to finding the parameters τt, ρt

from the experimental data, from which the concentration nt

is determined. The resistance r( f ) in formula (8) is

determined by the unperturbed region of the semiconductor

structure and consists of three components — resistance r f

of the part of the semiconductor film located under the

depletion layer, the buffer layer rb and the substrate r s , i. e.

r( f ,U) = r f (U) + rb + r s ( f ). (11)

When the ratio of film and buffer layer thicknesses is

d1,2 ≪ a , the microwave current flows orthogonally to the

corresponding layers of the structure under study. In this

case we have

r f (U) =
d1 − d(U)

σ f Sa
, (12a)

rb =
d2

σbSa
, (12b)

where σ f , σs — conductivity of the film and buffer layer,

d(U) < d1. The substrate thickness ds = 0.35mm is

inversely related to the antenna diameter ds ≫ a , that

is why the current spreading in the substrate has a

three-dimensional structure. Under these conditions, the

resistance of the substrate will be characterized by the

relation [21]

r s ( f ) =
1

2π

[√

ωµ0

2σs
ln

(

b
a

)

+
2

σs a
arctg

(

b
a

)]

, (13)

where µ0 — permeability of vacuum. Taking into account

the value of σ f obtained in further studies, the ratio

of dopant concentrations in the film and buffer layer

Nb/N f ∼ 102 (see Fig. 2), and the substrate conducti-

vity σs = 500 (Ohm · cm)−1 found from the data of VDP

measurements, we arrive to the hierarchy of resistances

r f ≫ r s ≫ rb . In this situation, we will neglect the

contribution of the buffer layer resistance to (11).
Taking into account the asymptotics of the resistance

spectrum of traps (9) Rt( f ) ∼ (ωτt)
−2 at ωτt ≫ 1 and

the saturation of these functions at ωτt ≪ 1, we can

conclude that each term of the formula (8) dominates in

different frequency areas — 0.1−1; 1−10; 10−40GHz

for Rl, Rh, r respectively (see Fig. 4, b and d). This

allows to estimate the parameters of the function (9)
for l-, h-traps without solving a multi-parameter inverse

problem. We have the values of the parameters of

the function (9) averaged over all data for l-, h-traps:
τl = 10−9 s, ρl = 8 · 10−4 Ohm · cm2, nl/n f = 5.2 · 10−2;

τh = 4.2 · 10−11 s, ρh = 3.1 · 10−5 Ohm · cm2, nh/n f =
= 4.8 · 10−2. Note, the l-traps parameters can only be

estimated in order of magnitude, since in the obtained

spectra of R( f ) there are no reliable data on the resistance

in the range f < 0.1GHz, but at frequencies 0.1−1GHz,

where l-traps make a dominant contribution to the resis-

tance, the spectra of R( f ) in Fig. 4, b, d are strongly noisy.

The reasons for the increased noises are discussed in detail

in the paper [19], where a resonance spectroscopy method

has also been developed, which allows to reduce these

noises. Measurements by this method will provide the

necessary data for a more accurate determination of l-traps
parameters.

The χt(U) function is shown in Fig. 6 along with experi-

mental data for l-, h-traps. It can be seen that formula (10)
satisfactorily describes the experimental dependences for

h-traps, while for l-traps there is a significant discrepancy

between this formula and experiment. This discrepancy

can be explained by the above inaccuracy in measuring

the Rl( f ,U) spectra. Another reason may be related

to the inhomogeneity of the depth profile of the nl(z )
concentration. Obviously, the growth of nl with depth

will lead to a steeper dependence of χt(U) compared to

the function (10). In this case, the obtained estimate nl

corresponds to the depth z = d0 = 175 nm. At a depth

of z = d(U = 10V) ≈ 600 nm, the concentration nl can

increase in ∼ 2 times.

In the high frequency region f > 10GHz, the resistance

of the structure under study is determined mainly by the

unperturbed region of the semiconductor and the substrate

r( f ,U) = r f (U) + r s ( f ), where the resistances r f ,s are

calculated by formulas (12a), (13). Nevertheless resis-

tance Rh( f ,U), described by formula (9) with the above

parameters of h-traps makes a significant contribution to

the spectrum R( f ,U) at these frequencies, which can be

seen from Fig. 4, b, d. For the conductivity of the substrate

σs = 500 (Ohm · cm)−1 found from VDP measurements,

we obtain the average value of the conductivity of the

semiconductor film σ f = 8.1± 1.1 (Ohm · cm)−1 over all

spectra. Taking into account the above value n f , we
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find the mobility of electrons in the semiconductor film

µ f = σ f /(en f ) = 1.2 · 103 cm2/(V · s). Let us note that,

due to the relation r f ≫ r s ( f ), the frequency depen-

dence of the resistance r( f ) in (11) is rather weakly

expressed. This is despite the fact, that the skin layer depth

in the substrate δsk =
(

2/(ωσsµ0)
)1/2 ∼ a in the range

f = 20−40GHz, so that the first term of the formula (13)
corresponds in order of magnitude to the second. As

a result, at f > 20GHz we have R( f ) ≈ const, and the

dependence R( f ) at f < 10GHz is determined by the

resistance of the traps Rl,h( f ,U).

Let us pay attention to the fact that VDP diagnostics

of the structure under study does not allow to determine

the electrophysical parameters of the film due to the

shunting effect of the substrate. Indeed, in four-probe

VDP measurements at direct current, there is a parallel

connection of the resistances of the substrate Rs and the

film r f , as a result of which, at ds = 0.35mm, the total

resistance is R ≈ Rs ≈ 1/(σs ds) ≪ r f . In our geometry

of microwave Z−V -spectrometry, the reverse situation is

realized — series connection of resistances r f and r s .

That is why we obtain r ≈ r f ≫ r s , which allowed us

to determine the conductivity σ f of a semiconductor film.

A serious factor that makes it difficult to determine the

resistance r of the unperturbed area of the sample is

due to high-frequency traps. Presence of such traps and

the associated excess resistance Rh at high frequencies

( f > 3GHz) qualitatively distinguishes this sample from the

previously studied GaAs substrate [17,19]. Nevertheless, we
managed to determine the r resistance by introducing a

model function (9) describing the resistance Rh( f ,U) of

the h-traps. This allowed to obtain quite reasonable values

for the σ f , µ f parameters in these difficult conditions.

The results of calculating the resistance spectra R( f ,U)
by formulas (8)−(13) for antennas A1, A2 using the above

model parameters are shown in Fig. 4, b, d by dashed lines.

When calculating the spectrum Rh( f ,U) (9), the function

χt(U) (10) (curve 1 in Fig. 6) was used, for the spectrum

Rl( f ,U) — the empirical function (curve 2 in Fig. 6).
It can be stated that the calculations agree satisfactorily

with the experimental data. Function (9) describes quite

well the shape of the frequency spectra Rl,h( f ), as well as

their dependence on the diameter a of antennas at U = 0.

Taking into account the analysis of literature data performed

in the next section, as well as the existing discrepancies

with experiment for the dependence of the Rl( f ) spectra

on the voltage U , the χt(U) function requires a more

thorough study. On the whole, the data obtained support the

proposed interpretation of the observed excess resistance as

additional microwave losses for traps recharging.

Let us consider in more detail the question of the

lateral resolution of the Z−V method. In the paper [6],
a quasi-static model for the coaxial antenna impedance is

developed, taking into account both the internal a and

external b, c scales in Fig. 1. It was assumed that external

sources are concentrated only on the metal surfaces of

the antenna, and outside these surfaces are absent. The

calculation according to the model showed that for the

structure with the obtained parameter values, the influence

of the external contact on the antenna impedance does

not exceed a few percent. The equivalent scheme of

the probe-sample system, which takes into account the

external contact, is given in [16]. Due to the ratio of the

areas of the central and external contacts Sa ≪ Sbc , we

can assume the impedance of the external circuit of this

scheme Zbc → 0 (short circuit). These circumstances are

reflected in the relations (7), (9), (12), according to which

the components of the antenna impedance are determined

only by the diameter of the central contact a . This means

that at sounding depths z ≤ d1 the resolution is equal to

the diameter a (see also [16]). It should be noted that

this conclusion only applies to z ≪ a depths. Potentially,

the Z−V method works at greater depths z ∼ a . In our

case, the appropriate diagnostics would make it possible to

determine the conductivity of the substrate σs . However,

for the test sample, due to the above ratio r s ≪ r f , the

accuracy of such diagnostics turned out to be low. The

solution of the inverse problem with respect to σs using

different sets of experimental data obtained for different

frequencies f , voltages U and diameters a demonstrated

variations in the values of σs by more than 50% relative

to the value found from the VDP measurements. In

this regard, we limited ourselves to solving a narrower

problem of determining the electrical parameters of the film

using VDP data for σs . The foregoing does not remove

the issue of estimating the resolution at depths z ∼ a ,
which obviously deteriorates with increasing z . The latter

can be seen from the formula (13), according to which
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the influence of the outer scale of the antenna b on the

resistance r s is quite noticeable. The resolving power of

near-field microscopes was studied in [12,22–25]. It is

shown that the resolution is determined by the effective

diameter of the probe aperture a . The most consistent

analysis of the lateral resolution of the probe is performed

by scanning an artificial contrast object embedded in the

medium under study. In this case, the linear size of the

object is ρ0 ≪ a , but the contrast of its permittivity should

provide a noticeable change in the probe impedance for the

microscope (spectrometer). In our implementation of the

Z−V method, the sample is not scanned, which virtually

excludes the opportunity of a corresponding experimental

study. The theoretical analysis of the problem is possible on

the basis of solving the problem of diffraction of the quasi-

static field of the probe on a three-dimensional object. For

some model of a microscope probe and a spherical object, a

such solution was obtained in the paper [26]. The sensitivity

area of the probe was calculated in a plane located at a

distance of z from the aperture. This area grows with

an increase in z and at z ∼ a it can 2−3 times exceed

the aperture area Sa depending on the permittivity ε of

the medium in which the spherical object is embedded.

A similar analysis can be performed for the coaxial antenna

and multilayer medium considered here, which requires a

separate study.

4. Deep states

Formulas (6), (8), (9) for the impedance of a structure

with a barrier contact containing traps require explanation.

A large number of papers have been devoted to the

study of such structures, starting from the 50s years. In

the papers [27–30], simple analytical expressions for the
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Figure 7. Energy level diagram. Dashed lines — energy levels

of deep states. On the insert — the equivalent scheme of the

structure according to [28].

impedance are obtained, based on a number of fairly general

simplifying approximations. Let’s perform the analysis based

on the results of the paper [28], where an equivalent cirquit

of the structure with an arbitrary number of deep states

is proposed. The energy diagram for the two-state case

under consideration is shown in Fig. 7. The calculation

of the energy of the bottom of the conduction band

Ec(x) was performed at U = 1V in the full depletion [15]
approximation, when d = d0

√
1 + U/Uc . It was assumed

that in the quasi-neutral region of x < 0, all dopant atoms

are ionized, and deep levels are completely filled. In the

depleted area 0 < x < d on the x = x l,h planes, the energy

of deep states Et(x) becomes equal to the Fermi energy EF.

In the absence of a variable field, the corresponding deep

levels are empty at x l,h < x < d and filled at x < x l,h . In the

quasi-neutral region, the trap level depth is 1l,h ≫ Ec−EF

and on the scale of Fig. 7 for x < 0 we have Ec ≈ EF.

Under the action of an alternating voltage, the Fermi

level oscillates. Meanwhile, in a narrow region (∼ 10 nm)
near the coordinates of the x = x l,h planes, the traps

are recharged, which changes the complex impedance of

the entire system. In the equivalent scheme (see inset

in Fig. 7), the indicated effect is described by additional

impedances Zt
l,h = Rt

l,h−i/ωCt
l,h (series connection of the

corresponding capacitances and resistances), and the char-

acteristic recharge time is τl,h = Rt
l,hCt

l,h . Scheme elements

are expressed as

Ct
h,l = τl,h/Rt

h,l =
ε0ε

′

x l,h

nl,h

n f
,

where nl,h — carrier concentration at the corresponding

deep level. Capacitances C1−3 describe the bias current in

the depletion area, i. e. C1 = ε0ε
′/xh, C2 = ε0ε

′/(x l−xh),
C3 = ε0ε

′/(d−x l). Here and below, we consider capaci-

tances and resistances per unit contact area, i. e. in the final

expressions for the elements of the equivalent circuit, the

area Sa should be introduced. In the scheme in fig. 7 we

took into account the resistance of the Schottky contact

at direct current Rc , which is absent in [27–30]. For

the studied structure, Rc = 3 · 103 Ohm · cm2 was obtained

from the corresponding measurements at f = 0. Using the

equivalent circuit of the contact, it is easy to show that the

resistance Rc should be taken into account at f < 1MHz,

i.e., at frequencies much lower than the minimum frequency

f = 0.1GHz for the spectrum R( f ) measured in this paper.

In the frequency range under consideration, we can assume

Rc → ∞. At the same time, for lower frequencies, at

which traps with a long recharge time τt are studied, the

resistance Rc often masks the contribution of traps to the

total resistance of the structure with a barrier contact.

The impedance of the structure between points A and B

in Fig. 7 is expressed as

ZAB = RAB − i
1

ωCAB

, (14)
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where

RAB =
Rt

h(C
t
h)

2/(CAB
∞

)2

(1 + Ct
h/CAB

∞
)2(1 + ω2τ 2

AB)
, (15a)

CAB = CAB
∞

1 + ω2τ 2
AB

(CAB
∞

/CAB
0 ) + ω2τ 2

AB

. (15b)

Here CAB
∞

=C1, CAB
0 =CAB

∞
+Ct

h, τAB=τh/(1+Ch/CAB
∞

). Ac-
cording to (15b), the change in the capacitance of CAB(ω)
under the influence of recharging of h-traps occurs between
the values CAB(ω → 0) = CAB

0 and CAB(ω → ∞) = CAB
∞

by Ct
h . Since we did not observe this transition in the

measurements of the spectra of X( f ) (see Fig. 4, a and c),
we should assume that Ct

h ≪ C1 or nh/n f ≪ 1. In such

a case we obtain τAB = τh, CAB = C1. Let us take into

account that in the approximation of complete depletion we

have xh = d0

√

1h
eUc . As a result, we get

RAB(ω) = Rh(ω) =
ρh

1 + ω2τ 2
h

, (16)

where

ρh =
τhd0

ε0ε′

√

1h

eUc

nh

n f
.

Part of the impedance between points A and C, associated

with the recharging of h-traps, takes the form

Z′

AC = − i
ωC12

+ Rh(ω),

where

C12 = ε0ε
′/x l .

The next task is to calculate the total impedance ZAC

of the parallel connection of the Zt
l and Z′

AC. In the

corresponding conversions of the formulas, as well as

for h-traps, we take into account the relation Ct
l ≪ C12.

Let us note that the effect of l-traps on the capacitance

spectrum of C(ω) (unlike h-traps) is quite clearly seen in

the experiment (curves 1, 2 in Fig. 4, a for the X( f ) spectra
in the f < 0.5GHz range). Nevertheless, this condition is

obviously satisfied. Let us take into account the relation

ρh ≪ ρl =
τld0

ε0ε′

√

1l

eUc

nl

n f
,

which is realized in the experimental spectra of R( f )
in Fig. 4, b and d. In these figures, the corresponding

parameters, taking into account the contact areas,

are the saturation resistances of the functions (16)
Rh

S = R(τ −1
l < 2π f < τ −l

h ) and Rl
S = R(2π f < τ −l

l ).
Omitting rather cumbersome conversions, we present the

final expression for the total impedance of the depletion

region:

Z̃(ω) = ZAD(ω) = − i
ωC3

+ ZAC(ω)

= − i
ωCd

+ Rl(ω) + Rh(ω), (17)

where the expression for resistance Rl(ω) is the same

as (16) after substitution of indices h → l .

AD

R
c

Z
h

Z
l

C
d

r

Figure 8. Modified equivalent scheme of the structure. The

depletion area is located between points A and D (cf. with Fig. 7).

As a result of the analysis, based on the theory [28],
we came to formulas (6), (8), (9) up to the function

χh,l(U) (10), which describes the dependence of resistance

on bias voltage U . In the model considered above, according

to the formula (16), together with the obtained expressions

for ρl,h we have χh,l(U) = 1. Thus, the considered

model quite adequately describes our experimental results

at U = 0. At the same time, the experimental spectra

in Fig. 4, b and d demonstrate a very significant increase in

the functions R(U) in the frequency range, where, according

to the assumption made, the observed excess resistance is

associated with traps recharging. Let us note that at [27,30]
developed a somewhat different approach to the analysis of

the impedance of a barrier contact with traps. According

to these works, the Z(ω) impedance can be described

by a simpler equivalent circuit shown in Fig. 8, where

the components of the Rt
l,h,Ct

l,h trap impedance are given

by the above relations and additionally take into account

the resistance r of the unperturbed area. Analysis of the

corresponding scheme leads to formulas (16), (17), i.e., also
gives χh,l(U) = 1. In the paper [29] for a particular case

of shallow traps 1l,h ≪ eUc , which are also considered in

this paper, another expression was obtained for the circuit

elements in Fig. 8:

Ct = τt/Rt =
ε0ε

′

d
nt

n f
.

The difference is in the replacement of x t → d, as a

result of which we have the formula (10), and in the

formula (9) ρt = (τt/c0)(nt/n f ). In this form, the χt(U)
function satisfactorily describes the obtained experimental

data, at least for h-traps (curve 1 in Fig. 6).

5. Conclusion

The method of local microwave Z−V spectroscopy was

applied to the study of a layered semiconductor structure

in the form of a doped film grown on a conductive

substrate. With the lateral resolution 15−30µm, the main

electrophysical parameters of the film are determined —
concentration, mobility and type of the free charge carriers,

electrical conductivity, bending of the zones near the
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boundary with the metal. In the considered situation,

the generally accepted four-probe method in the Van der

Pauw geometry is not effective due to the shunting action

of the substrate. We note the importance of microwave

measurements up to frequencies 30−50GHz to achieve

micron resolution. At a ∼ 10µm, it is required to measure

a very small capacitance of the contact C ∼ 10−50 fF. As

a result, the noise of the spectrometer when measuring

the reflectance of the probe leads to significant errors in

determining the reactance X ∼ 104−105 Ohm in the range

f = 0.01−0.1GHz, which can be seen from Fig. 4, a and c.

As the frequency increases, the X = 1/(ωC) reactance

decreases, resulting in an increase in the accuracy of its

measurement. Even higher problems arise when determin-

ing the resistance R( f ) at low frequencies due to the ratio

R ≪ X (see Fig. 4, b and d).
The capabilities of the probe station used in the mea-

surements allow in potential to increase the resolution up

to 3−5µm. The problem of diagnostics with such a

resolution may be the detected excess resistance, which

will exceed the resistance of the unperturbed region of

the semiconductor at high frequencies of the spectrum

f = 20−40GHz. The corresponding trend is visible when

comparing Fig. 4, b and d. In this paper, this problem is

solved by modeling the excess resistance spectrum using the

Rl,h( f ) functions, the parameters of which are determined

at lower frequencies. Possibility of transition to nanometer

resolution is not obvious today and requires separate

studies. An important task is also the implementation

of non-contact measurements. Non-contact nanoscopy of

semiconductors is performed using near-field microwave

microscopes [7–9,11,13,14]. Despite the optimistic conclu-

sions of these papers, the quantitative characterization of

semiconductor materials and structures encounters serious

difficulties associated with uncontrolled characteristics of the

perturbed near-surface layer of the sample with a complex

geometry of microscope probes. Let us once again empha-

size the importance of measuring the resistance spectrum

R( f ,U) along with measuring the reactance X( f ,U). The
latest measurements, called capacitance-voltage diagnostics,

are a classic method for studying semiconductors in order to

restore the depth profile of the concentration of free charge

carriers (C−V diagnostics). Usually C−V diagnostics is

performed at frequencies f < 1−10MHz with a resolution

not higher than 0.1−1mm. Microwave measurements

of the spectrum Z( f ,U) (Z−Vmethod) provide micron

resolution and allow to determine the carrier mobility along

with the concentration.

We related the observed features of the resistance

spectra R( f ,U) to the traps present in the sample.

Traps with extremely low recharge time τh ∼ 4 · 10−11 s,

as far as we know, have not previously been observed

by direct high-frequency measurements. Nevertheless,

the time τt ∼ 10−9−10−11, the time τt ∼ 10−9−10−11

s for shallow traps (1t ≈ 90−100meV) was predicted

in [29] from indirect measurements in the frequency range

f ∼ 100 kHz at temperatures T ∼ 100K. The fact is that

the recharge time exponentially increases with decreasing

temperature as τt ∼ exp[1t/(κT )] (κ — Boltzmann’s con-

stant). Low-frequency non-local measurements with the

temperature pass-through (admittance spectroscopy) are a

classic method for studying traps. In this work, the

corresponding times were obtained by direct measurements

of the high-frequency spectra R( f ) at room temperature.

Confident measurement of a spectrum similar to Rh( f )
is possible in the frequency range f > 1GHz with a

contact diameter a < 50 µm. At lower frequencies, the

resistance Rh of the studied sample is masked by low-

frequency traps Rl . However, even in the absence of

l-traps, the resulting effect could be taken as the resistance r
of the unperturbed region of the semiconductor due to

saturation of the Rh( f ) → RS function at f < 2GHz. As

the contact diameter a increases, the difference between

the r and RS values of the R( f ) function decreases, which

can be seen by comparing Fig. 4, b, d. At a > 100 µm, the

indicated difference would be difficult to observe due to the

spectrum R( f ) noisy. Thus, the developed Z−V method is

actually a microwave analogue of admittance spectroscopy,

which allows to study high-frequency traps with micron

resolution at room temperature. Nevertheless, it would be

important to make additional temperature measurements in

order to more confidently interpret the observed features of

the R( f ,U) spectrum.
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