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We review experimental results on interaction of microwave and X-rays with various semiconductors that have been ob-
tained at the Semiconductor Physics Institute starting from the pioneering works of J. PoZela up to his latest achievements.
Special attention is paid to the microwave technique allowing one to estimate the hot electron diffusion coefficient in semi-
conductors and the bigradient effect, the phenomenon which has been recognized as a discovery in 1977. The application
aspects of the above research are furthered in two different approaches: in microwave range, this is done via non-destructive
characterization of material homogeneity either by excitation of the helicon waves or by a local excitation of millimetre waves
in the tested sample, while in X-ray range this is exposed in the application of inhomogeneous and graded-gap semiconductors
to convert the X-rays into optical range thus enabling their detection by conventional CCD cameras.
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1. Introduction

Investigation of the interaction of electromagnetic
radiation with semiconductors is in a particular focus
of many scientists as it allows one not only to obtain
information on the crystalline structure of these mate-
rials, but, also to employ their features in designing and
fabricating new devices. In 1960, J. PoZela suggested
to use the microwave radiation to study the properties
of semiconductors in strong electric fields [1]. Absorp-
tion of the microwaves by free carriers increases their
mean energy, and, as a result, the electron tempera-
ture becomes higher than the lattice one. Such non-
equilibrium carriers — so-called ‘hot electrons’ — ex-
hibit new features in transport phenomena since their
kinetic coefficients — diffusion coefficient and mobil-
ity — change under the influence of the electric field.

The application of various microwave technique to
measure the drift velocity of charge carriers in strong
electric fields enabled one to avoid carrier injection
from contacts and to separate in a galvanic way the cur-
rent circuit from that of the heating microwave fields.
Therefore the usage of such an approach was success-
fully implemented in measuring the anisotropy of elec-
trical conductivity in germanium and silicon [2], led
to the discovery of the effect of absolute negative re-
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sistance for the dc current when a semiconductor is
placed into alternating electric fields [3, 4], and allowed
to measure the thermoelectromotive force of hot carri-
ers, which was first done for Ge and Si [5]. The physi-
cal reason of the thermoelectromotive force of hot car-
riers in inhomogeneous structures is the change in car-
rier mobility and diffusion coefficient under the influ-
ence of microwave radiation [6]. Later, the technique
was developed by different authors and was applied to
estimate the diffusion coefficient and carrier relaxation
times ([6] and the literature cited therein).

Magnetic field strongly changes the character of in-
teraction of electromagnetic radiation of free carriers
in semiconductors. For instance, in strong magnetic
fields, the propagation of circularly polarized helicon
waves along its direction is possible [7]. Investigation
of reflection and transmission features of these waves
can be a way to determine the electric parameters of
the material [7-9]. This idea can serve as a basis in
constructing relevant devices for material characteriza-
tion [10, 11].

If the energy of an electromagnetic quantum is in-
creased so that it exceeds the bandgap of a semiconduc-
tor, a number of new effects can be observed depend-
ing on the structure of that semiconductor. If it is in-
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homogeneously doped, the generation of electron—hole
pairs, for example, by X-ray illumination, induces an
electromotive force proportional to the intensity of the
incident light [12]; if the semiconductor is non-uniform
in composition, like in the graded-gap compounds, the
ionizing illumination induces a photoluminescence in
optical range that can be detected via conventional op-
tical means [13].

The present paper reviews the results in experimen-
tal research on microwave and X-ray interaction with
various semiconductors obtained at the Semiconduc-
tor Physics Institute starting from pioneering works of
J. PoZela up to his latest achievements.

The paper is organized as follows. Firstly, we de-
scribe one of the microwave techniques which allows
one to determine the carrier diffusion coefficient in
strong microwave electric fields and we consider in
more detail the experimental conditions when non-
conventional carrier transport manifests itself via the
electron gas cooling effect; its possible applications
will be discussed as well. Secondly, we will briefly
introduce the physics behind the bigradient effect, the
phenomenon which has been recognized as a discovery
in 1977. The third chapter is on non-destructive mate-
rial homogeneity characterization by millimetre waves
giving special emphasis on the helicon waves. Finally,
we focus our attention to the results devoted to the ap-
plication of inhomogeneous and graded-gap semicon-
ductors for converting X-rays into optical range and
enabling hence to detect the ionizing illumination us-
ing conventional CCD cameras.

2. Features of non-equilibrium carrier transport in
semiconductors

Application of microwave radiation allows one to
simplify significantly the measurements of kinetic pa-
rameters of the semiconductors in strong electric fields.
It can be easily understood from Fig. 1, where the mea-
surement scheme to study the effect of microwave field
is depicted schematically. The sample under the test
was placed in the centre of a rectangular waveguide
perpendicular to its wider walls. The samples were in-
sulated from the waveguide by dielectric material; one
can see that the heating circuit (microwave fields) is
separated in a galvanic way from the measurement one.
During the experiment, the change of the dc current in-
duced by the alteration of carrier mobility and diffusion
coefficient is measured. The typical -V curves in ger-
manium obtained using this approach at 10 GHz fre-
quency range are given in Fig. 2. One can see that the

Fig. 1. Scheme of measurements of samples in microwave electric
fields. / labels dielectric material for insulation, 2 is sample under
test, 3 depicts rectangular waveguide.
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Fig. 2. I-V characteristics of n—n" germanium sample in heat-

ing microwave electric fields at room temperature. Smooth n—n"

junction of 2 mm width was introduced during lithium diffusion

process. Specific resistances in n- and n " - parts of the junction are

38 Q-cm and 7.3 ©2-cm, respectively. Numbers denote the strengths

of the microwave electric fields, kV/cm: 1 is for 5.1, 2 for 3.15, 3
for 1.6, 4 for 0.

strong microwave electric field causes the asymmetry
in the I-V characteristics. In inhomogeneous semi-
conductors containing n — n™" junction, the asymmetry
Ur that appears as a result of the microwave radiation-
induced thermoelectromotive force of hot carriers is
[14]:

UT:VKO(DQ@_ ), (1

0 Md

where Vi is the height of the potential barrier of the
n—n junction, fiy and D are electron differential mo-
bility and diffusion coefficient averaged over the mi-
crowave period, pg and Dy are the electron mobility
and diffusion coefficients in a low electric field, respec-
tively. If the ratio of mobilities changes negligibly with
the electric field, Ur is then proportional to the change
of the diffusion coefficient. The relation (1) is valid in
the case of smooth n—n™ junction and at high frequen-
cies when the displacement currents are much greater
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Fig. 3. Longitudinal (/ and 3, Dr.) and transverse (2, D) hot

electron diffusion coefficients and electron mobility pq (4 and 5)

as functions of the microwave electric field in highly compensated
InSb: 1, 2, and 4 for 10 GHz, 3 and 5 for 35 GHz.

than the ohmic ones. Under these conditions therefore
the carrier diffusion coefficient can be estimated in a
semiconductor in strong electric fields. The technique
was first demonstrated by estimating the electric field
dependences of the electron diffusion coefficient in Ge
[14].

In what follows we will restrict ourselves to a spe-
cific case of the diffusion processes when electrons be-
have non-conventionally in the heating electric fields,
i. e. instead of the increase of diffusion with the electric
field, the diffusion decreases and, even more, it might
be lower than the value Dg in the low electric field.
The effect was discovered in highly compensated InSb,
the inherent feature of which is the presence of random
potential in the conduction band.

The dependences of hot electron diffusion coeffi-
cient (both longitudinal and transverse) on the mi-
crowave electric field are shown in Fig. 3. The sam-
ples of dumbbell-shape (in order to avoid contact ef-
fects) were prepared from the crystal of n-InSb grown
by the Czochralski method. The concentration of dop-
ing impurities Cr (deep donor) and Mn or Zn (shal-
low acceptors) introduced during the growth was in the
range of 2:10'® cm™3. Electron concentration and mo-
bility at liquid nitrogen temperature were n = (1010 —
10'4) cm =3 and p ~ 2.5 - 10° cm?/(V-s), respectively.
Since the carrier mobility changes negligibly in the
studied electric fields, the observed strong decrease in
diffusion coefficient with the electric field is caused by

the decrease of mean electron energy' — it corresponds
to the range where D is smaller than Dy [15]. For the
transverse diffusion coefficient this occurs in stronger
electric fields as compared to the longitudinal case. In
contrast, diffusion of warm electrons is isotropic due to
the relaxation of the drift velocity and average energy
of electrons in the microwave electric fields [15].

Similar dependence of D on the microwave electric
field is obtained at the heating electric fields of 37 GHz
(Fig. 3), however, its change in low fields is smaller and
the range whereD < Dj is shifted to stronger electric
fields. We attributed this to the relaxation of the elec-
tron drift velocity and the influence of random potential
of the conduction band [16].

Thus, as the diffusion coefficient reflects the change
of the electron mean energy, one can consider the
change of the mean electron energy with the electric
field. The range where the diffusion coefficient is lower
than Dg deserves the particular attention. There the
mean electron energy becomes smaller than the equi-
librium one in the electric fields. Thus, we observe
the effect of electron cooling by the heating electric
field. The physical model can be described follow-
ing the theoretical considerations by Gribnikov and
Kochelap [17]: an electron, accelerated by the electric
field, reaches the energy of optical phonon and emits
an optical phonon; as a result, the electron losses all its
energy and finds itself at the bottom of the conduction
band. The electron is localized here, since its mobility
is low due to the scattering on the complexes of ionized
impurities. For that reason the mean electron energy
becomes smaller than the equilibrium value. The in-
crease of carrier concentration leads to the more intense
electron—electron scattering which stimulates the delo-
calization of electrons from the bottom of the conduc-
tion band; consequently, the effect is destroyed [18].

The model of the electron gas cooling was evidenced
experimentally by a transverse-to-current-flow mag-
netic field [19]. Since the emission of optical phonon is
necessary for electron gas cooling, one can expect the
absence of the effect in strong magnetic fields. The ex-
periments confirmed the assumption: it was determined
that the electron gas cooling vanishes in the magnetic
field with induction B > 0.05 T (uB > 1), i.e. the
suppression of optical phonon emission decreases the
number of electrons that reach the bottom of the con-
duction band.

Therefore, for existence of the electron gas cool-
ing effect the strict conditions must be met: firstly, the

1 We have assumed that the Einstein relation is valid in this case
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Fig. 4. Dependence of longitudinal noise temperature on the elec-

tric field at 7' = 80 K in the samples with different electron con-

centration, cm™*: I for 4-10", 2 for 2:10'%, 3 for 1.5-10"2, 4 for
3-10*, 5 for 8-10'°; 6 for 1.4-10™ (broken curve — from [20]).

dominant mechanism of electron energy loss should be
a spontaneous emission of optical phonons, secondly,
electron should lose its momentum due to ionized im-
purity scattering, and, finally, the electron concentra-
tion must be low to avoid electron—electron interaction.

To reveal the application aspects of the electron gas
cooling effect, the noise temperature was measured. As
the mean electron energy in electric fields can be lower
than the equilibrium value, the reduction in noise tem-
perature is expected. The data on both longitudinal
and transverse noise temperatures” revealed that with
the decrease of electron concentration the noise tem-
perature decreases, too, and in high resistivity sam-
ples (when the electron concentration becomes below
10''ecm™3) the noise temperature in electric fields up
to 100 V/cm does not depend on the electric field and
is close to the lattice one (Fig. 4). One must note that
such kind of noise temperature dependence is only ob-
served in the samples where the inversion of Ur sign is
observed. Moreover, the features of noise temperature
in high resistivity samples in magnetic fields are similar
to those of thermoelectromotive force at the same ex-
perimental conditions [21]. Hence it was inferred that
the peculiarities observed in noise temperature were re-
lated to the electron gas cooling effect. Finally, it is
worth noting that the decrease in noise temperature is of
particular importance for practical purposes — it could

2 The longitudinal and transverse noise temperatures were mea-
sured by applying pulses of dc electric field over the samples
placed in the rectangular waveguide at 10 GHz frequency, as de-
scribed in [20]
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Fig. 5. Asymmetrically shaped n-Ge sample. Letters A and

B denote ohmic contact areas. The area of the square part is

1.8 - 10 %cm?, @ ~ 24°, 1 = 2.4 cm, the specific resistance is
10 Q-cm.

be one of the options to increase the sensitivity of mi-
crowave detectors.

3. The bigradient effect in homogeneous
semiconductors

As arule, in many cases, the carrier heating in semi-
conductors is inhomogeneous due to the non-uniform
electric fields. It is very important thus to understand
the peculiarities of the non-equilibrium carriers under
these conditions. One of the ways to realize the non-
uniform carrier heating is to shape asymmetrically a
homogeneous semiconductor. Such a sample is de-
picted in Fig. 5. As one can see further, the /-V" charac-
teristic of such a sample becomes asymmetric in strong
electric fields. It is seen from Fig. 6 that two parts
in I-V curves can be distinguished: the low-voltage
part (up to 100 V), where the Ohm’s law is fulfilled
and the current flowing through the sample does not
depend on the polarity of the applied voltage, and the
high-voltage part (above 100 V) where the -V curve
deviates from the Ohm’s law and becomes asymmetric,
i.e. under the application of the same bias of different
polarities, the current in the forward direction is higher
than that in the reverse one. It is evident that a uniform
Ge, if asymmetrically-necked shaped, in strong electric
fields behaves like a conventional diode.

This phenomenon can be explained with the help of
Fig. 7, where a schematic view of the sample is given
and the distributions of the electric field and of average
electron energy are depicted. We analyze the physical
processes in a uniform asymmetrically-shaped n-type
semiconductor sample under the application of exter-
nal voltage of different polarity. It is evident that in
the region x1 — x9 the electric field is non-uniform in
comparison to that in z9 — z3 where the gradient of the
electric field is much lower. At forward bias (denoted
in part (a) as case 1), the average electron energy £1(x)
at a certain distance x is smaller than that of a steady
state in a uniform electric field, (E). As aresult, in the
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Fig. 6. I-V characteristics of the sample: / for forward bias, 2 for
reverse bias, 3 for the difference of currents under the change of
voltage polarity.
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Fig. 7. (a) Schematic view of device shape, (b) distribution of the

electric field, and (c) average electron energy along the sample.

Letters A and B denote the contacts while numbers / and 2 label
the polarity of the applied voltage (taken from [22]).

region 1 < x < w9+ L. (L. is the product of electron
drift velocity and energy relaxation time) the inequal-
ity e1(x) < e(F) is fulfilled. Usually, the mobility
decreases with the increase of average electron energy,
therefore, the situation 1 () > p(E) is realized (here
p1(z) and p(E) designate the electron mobility as a
function of coordinate and of a uniform electric field,
respectively.)

At reverse bias, i.e. when the electrons move from
the contact B to contact A (labelled as case 2 in part
(a)), the average electron energy e2(x) in the region
x1 — x is larger than €(E). Thus, in the necked part
of the sample z1 < x < xo + L., the electron mobility
for the forward current is larger than that for the reverse

one, i.e. pui(x) > pa(z).

These findings not only illustrate the fact that the
electron mobility in strongly non-uniform electric fields
depends both on the electric field and its gradient, but
also demonstrate that the current I, is larger than I; at
the same value of applied voltage.

Thus, the effect, when such a shape induces non-
uniform carrier heating in uniform semiconductor, is
called bigradient effect (due to the two gradients of
the electric field). Consequently, such asymmetrically-
necked structures display asymmetry in their /-V char-
acteristics. If such a sample is placed in a high-
frequency field, the voltage signal — so-called bigradi-
ent electromotive force — will be induced over the ends
of the structure.

One should note, however, that this simple descrip-
tion of the effect is only valid for relatively small elec-
tric fields. In higher fields, the described nonlocal re-
lation of mobility to the electric field looses its impor-
tance compared to the role of space charge accumula-
tion in the vicinity of the neck of the structure. As a
result, the effect changes its sign: the current under the
reverse bias becomes larger than under the forward one.

The bigradient effect — a phenomenon of arising
of electromotive force and the asymmetry of electri-
cal conductivity in uniform isotropic semiconductors —
was recognized as a new phenomenon in semiconduc-
tor physics, and it was registered as a discovery [24] in
the former Soviet Union.

Finally, it is worth mentioning that the idea of the bi-
gradient effect was successfully used in designing the
broad band THz sensors where a two-dimensional elec-
tron gas was implemented as an active ingredient in the
device [25].

4. Nondestructive material homogeneity
characterization by millimetre waves

4.1. Helicon wave beam in semiconductors

The circularly polarized electromagnetic wave prop-
agating in the conductive medium along the external
magnetic field is known as the helicon wave. These
waves can be successfully used for contactless mea-
surement of the semiconductor electrical parameters
such as free charge carrier concentration and mobility
[7,26]. It is mainly determined by the dependence of
helicon wave dispersion and attenuation on these pa-
rameters. On the other hand, the helicon wave features
such as short wavelength in the material (Fig. 8) and
its propagation along the external magnetic field direc-
tion (Fig. 9) give a possibility to focus these waves into
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Fig. 9. The calculated angular dependence of helicon wave pene-

tration depth. Semiconductor parameters are: n = 1.6 - 102° m ™%,

w = 54 m?/(V-s). Wave frequency is 30.7 GHz. Magnetic induc-
tionis 0.6 T.

a narrow beam and to probe the semiconductor in its
different points. The free charge carrier concentra-
tion and mobility measurement in different points of
volume allows one to obtain the information about the
crystal electrical homogeneity, and thus about its qual-
ity. The idea to use helicon waves for local measure-
ments of free charge carrier concentration and its dis-
tribution in the crystal volume was suggested for the
first time in the paper [27]. Later on, this idea was de-
veloped for the local measurement of both free charge
carrier concentration and mobility [28]. The first he-
licon device for the characterization of electrical ho-
mogeneity of the semiconductor material was created
about twenty years ago [29]. The helicon device is in
principle the Rayleigh millimetre wave interferometer,
the schematic diagram of which is shown in the left
bottom corner of Fig. 10. The interferometer consists

M+

Transmitfed signa (relafive scale)

i

0 01

1 1 1 1 | '}
062 03 04 05 06 07
Fig. 10. The schematic diagram of helicon tester and a typical
Rayleigh interferogram.

of the reference signal arm / and the sample arm /1.
The phase shifter / in the arm [/ is used for changing
the phase of the reference signal, and the attenuator 2
serves to determine the interferometer sensitivity. The
semiconductor plate 3 is placed in the sample arm be-
tween the special dielectric waveguide probes that pro-
vide the local excitation and reception of the helicon
wave. The plate can be moved by the scanning mech-
anism in regard to the exciting and receiving probes in
the z—y plane. The increase of the external magnetic
field causes the changes in the amplitude and phase of
the signal that is transmitted trough the plate and in-
terferes with the reference signal. As a result the typ-
ical interferogram shown in Fig. 11 is obtained in the
given point of the plate. By scanning the plate with the
helicon beam in different points the information about
the electrical homogeneity of the plate can be obtained.
Thus, the helicon testing technique is very much like
the ultrasonic one. The difference is only in the fact that
the helicon testing can give the information on electri-
cal homogeneity in a mechanically homogeneous crys-
tal.

Such information is included in the period and
the envelope of the interferograms measured in dif-
ferent points of the plate. This is clearly demon-
strated by Fig. 11, where two Rayleigh interferograms
measured at two different points of the Hgy sCdg oTe
semiconductor plate are shown. The measurements
were carried out at frequency of 37 GHz and temper-
ature of 77 °K. The observed differences in the inter-
ferogram period and amplitude evidence an electrical
inhomogeneity of the plate. The quantitative evalu-
ation of electrical inhomogeneity can be obtained by
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Fig. 11. Rayleigh interferograms measured at two different points

of the electrically inhomogeneous semiconductor plate. The elec-

tron concentration and mobility values calculated from curves /

and 2 correspond to n = 3.6 - 102" m~2, u = 24.5 m?/(V-s) and
n =5.3-10* m™3, u = 34.0 m?/(Vs), respectively.

the calculation of the free charge carrier concentration
and mobility in every measured point according to the
equations [30]

B gom2ctI? 1 2
- 2 —1/2 —1/2y °’
cwd (Bt - By ")
_ ~1/2  —1/2 _
= mI(Byfy + BM—i{l : BM/ + B}/ 3)

21n

Ay (BM+1 ) ”T
Ams By
where B); and Bjs41 are the magnetic induction val-
ues at which the interference extrema of the Mth and
(M+1)th order are observed, Ap; and Ay, q are the
corresponding amplitudes of the extrema (see Fig. 10),
d denotes the semiconductor plate thickness, w is the
wave angular frequency, c designates the light veloc-
ity, e is the electron charge, g labels the permittivity
of free space, number [ is an integer. It is seen from
expressions that the concentration measurement accu-
racy is mainly determined by the precision of the mea-
surement of the magnetic induction value at which the
interference extrema are observed, while the mobility
measurement accuracy depends in addition on the pre-
cision of the amplitude measurement of these extrema.
The estimation of the relative error of the concentration

and mobility measurement are also presented in the pa-
per [30].
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Fig. 12. Schematic diagram of the millimetre wave bridge.

4.2. Nondestructive material homogeneity
characterization by scanning millimetre wave beam

The relatively short wavelength of the millime-
tre wave makes it possible to utilize such waves for
non-destructive homogeneity characterization of a very
wide spectrum of materials [31]. The main idea of the
experiment is the local excitation of millimetre waves
in the tested sample and the measurement of transmit-
ted (reflected) amplitude and phase at different loca-
tions. A simplified schematic diagram of the exper-
imental set-up is shown in Fig. 12. In essence, this
is a millimetre wave bridge consisting of a reference
signal channel and a measurement channel. The part
of the schematic diagram marked by the dashed line
corresponds to a bridge making reflectivity measure-
ments. In such a case, the radiating probe also acts
as the receiving antenna for the reflected wave. A
testing sample is placed between the special dielectric
waveguide probes which provide both the local excita-
tion and reception of the low power millimetre waves
(f = 120 GHz). The sample can be moved by the scan-
ning mechanism relative to the exciting and receiving
probes in the z—y plane. Changes of the electric or di-
electric parameters in the sample area cause changes in
the amplitude and phase of the transmitted (reflected)
signal. By probing the sample at different points with
the millimetre wave beam, information can be obtained
about the homogeneity of the sample. All measure-
ment processes are computer controlled and the mea-
surement results are compiled in the computer. Some
measured material homogeneity results are presented
below.
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Fig. 13. Transmitted wave amplitude (top) and phase (bottom) im-

ages of the sapphire substrate. The measurement units are decibels

and degrees, respectively. Thickness of the substrate is 0.43 mm.
The scanning area is 37.00 x 39.25 mm?.

The measured homogeneity of sapphire and LaAlO3
substrates are shown in Figs. 13 and 14, respectively.
The tops and bottoms of the pictures correspond to the
transmitted millimetre wave amplitude and phase im-
ages of the measured substrates. Both the amplitude
and the phase images in Fig. 13 demonstrate the high
homogeneity of the sapphire substrate. In contrast, for
the case of LaAlO3 substrate (Fig. 14), the crystal twin-
ning associated with lattice structure inhomogeneity is
seen very clearly. In addition, it is worth noting that
the millimetre waves allow one also to observe the me-
chanical defects inside dielectrics. Even more, this op-
tion has several advantages in comparison to conven-
tional ultrasonic testing. First of all, we bear in mind
their relatively high penetration depth due to which
they can provide the image of bulk non-homogeneity.
The other merit over the ultrasound approach is a good
transmission across solid—air boundaries. The possibil-
ity of application of these waves for detection of me-
chanical defects inside the crystal is illustrated by the
observed spot in the millimetre wave image of the SiC
substrate (Fig. 15). The observed defect is related with
the wave scattering by microslits in the crystal volume;

Fig. 14. Transmitted wave amplitude (top) and phase (bottom) im-

ages of the LaAlO3 substrate. The measurement units are decibels

and degrees, respectively. Thickness of the substrate is 0.50 mm.
The scanning area is 37.00 x 39.25 mm?.

according to our estimates, the dimensions of the mi-
croslits are less than 1 mm.

The reflection of electromagnetic waves from con-
ducting surfaces is determined by their resistivity.
Thus, the measurements of the reflected wave ampli-
tude can produce a resistivity map. This can be seen
very clearly in Fig. 16 where a metal mirror surface
with different resistivity was scanned by a millimetre
wave beam and the corresponding changes in the re-
flection were detected.

5. Interaction of X-ray radiation with Al,Ga;__As
structures

Semiconductor-based sensors of ionizing radiation
are one of the essential components in X-rays equip-
ment or similar set-ups using ionizing illumination. As
it is know, such apparatus are widely used in medicine,
material diagnostics, environment monitoring, etc. In
many cases, the application flexibility is limited namely
by detection systems since a variety of the illumination
parameters like diameter of flux, intensity, quantum en-
ergy, etc. requires to adapt sensors to particular systems
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Fig. 15. Transmitted millimetre wave amplitude (top) and phase
(bottom) images of a mechanical defect in the SiC substrate. The
measurement units are decibels and degrees, respectively. Thick-
ness of the substrate is 0.50 mm. The scanning area is 30.00 x

35.00 mm?.
10.00- -0.03
- -0.02
8.00-
L brass
5.00-1= = " -0.01
400 — L
2.00- -
- -0
0.00- 1 I | 1 1
000 200 400 EB.0O 8.00 1000
- —-0.02

T N | | | [

Fig. 16. Reflected wave amplitude image of the mirror made of
two different metals (copper and brass). Amplitude changes are in
decibels. The scanning area is 10 x 10 mm?.

designed for concrete tasks. That is why huge efforts
are given to find novel materials suitable for fabrica-
tions of arrays to record an X-ray image. One of most
promising materials is assumed to be the graded-gap
Al,Ga;_,As compounds.

The X-ray detectors based on the graded-gap
Al;Ga;_,As layers were proposed and first produced
in 1998 [32, 33]. The choice of the material was moti-

EC/ -

Ev

XA]

Fig. 17. Schematic view of the band structure of the graded-gap
Al;Ga;_,As X-ray detector with optical response.

vated by an efficient absorption of X-ray radiation and
a high radiative recombination rate in Al,Ga;_,As to-
gether with specific properties of a graded-gap layer,
such as a wide gap optical window and an internal
graded-gap field. These advantages allow one to con-
struct different types of ionizing radiation detectors
with optical and electrical responses [34-36].

Conversion of the ionizing radiation generated
charge to recombination light is an operating mecha-
nism of the detector with optical response. Detector
with optical response does not need an electric sup-
ply and electric signal preamplifiers. This circumstance
permits one to get a high density of the detector integra-
tion (there is no need for pixel array fabrication) that is
important for many practical applications. The material
of detector is a doped semiconductor of high conduc-
tivity, therefore, the problem in preparation of a high
resistivity very pure material disappears.

We have fabricated X-ray imaging detectors with op-
tical response on the basis of Zn doped graded-gap
Al;Ga;_,As layers of 20-100 pm thickness grown
by liquid phase epitaxy and removed from GaAs sub-
strates. Detectors area with homogeneous lumines-
cence was 2 x 3 cm?. A schematic band structure of
the detector with optical response is shown in Fig. 17.

The Al,Ga;_,As layer of d = 100 pum absorbs up
to 95% of X-ray power with energy of Fx < 20 keV.
Therefore, the Al,Ga;_,As layer of 20— 100 pm thick-
ness can be used to detect a soft part of X-ray source
spectra with energy less than 30 keV [34]. The opti-
cal image of X-ray intensity was detected by a charge-
coupled device (CCD) camera, and the data was read
by a personal computer (Fig. 18). Several other meth-
ods of optical response detection with fibre line or mir-
ror system can be used.
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Fig. 18. Set-up for the Al,Gai_,As X-ray imaging detector.
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Fig. 19. (a) The X-ray luminescense view of three metal wires of
thickness 30, 50, 100 pm and (b) luminescense intensity distribu-
tion.

The external efficiency of X-ray-light conversion
of the Al,Ga;_,As detector K is determined by
the part of the X-ray photon energy absorbed in the
Al;Ga;_,As layer a,, the internal quantum efficiency
a., and the efficiency -y of light output from the graded-
gap Al,Ga;_,As structure:

K = axaey. “4)

The main factor reducing the conversion efficiency
Kt is the low light output efficiency from the crystal
caused by the small angle of total internal reflection
(0 = 16°).

The X-ray luminescence images of different objects
obtained by the CCD camera were used to determine
the contrast and spatial image resolution. It is shown
that the 1.5% luminescence signal change can be recog-
nized on a PC monitor. The X-ray luminescence image
on the PC monitor and luminescence intensity distri-
bution of three metal wires (Fig. 19) demonstrates the
high spatial resolution of the detector.

Two processes, the diffusion of generated charge and
the broadening of light beam, cause the blurring of

X-ray image in the detectors. The value of spatial res-
olution mainly depends on the thickness of the graded-
gap Al,Ga;_,As layer. For instance, the spatial reso-
lution of 10 LP/mm obtained for the detector of 50 pzm
thickness and 25 LP/mm for the detector of 18 pm
thickness provides a 30% contrast [37]. It is satisfying
to note that this value of contrast is definitely enough
for the analysis of X-ray image.

While aiming to eliminate the internal reflection of
light-emitting structures and to increase radically the
X-ray detector sensitivity, new non-uniformly doped
graded-gap Al,Ga;_,As structures with electric re-
sponse were proposed and investigated [38].

Two types of graded-gap Al,Ga;_,As structures
were studied, n-GaAs—p-Al,Ga;_,As structures con-
taining a p—n junction at the wide energy gap side
(z = 0.4) of the graded-gap layer and p-Al,Ga;_,As—
n-GaAs structures with a p—n junction at the narrow
energy gap side (zx = 0) of the graded-gap layer.
Figure 20 shows schematically the band diagrams of
the grown structures. The operating mechanisms of
these two types of structure are different. In the
structures with a p—n junction at the wide gap side
(Fig. 20(a)), X-rays excite luminescence in the graded-
gap Al,Ga;_,As layer. This luminescence is transmit-
ted through a wide-gap optical window to a GaAs p—n
junction. The p—n junction photovoltaic U, or current
response [, to the X-ray luminescence is measured
then. In p-Al,Ga;_,As—n-GaAs structures with p—n
junction in the narrow gap side (Fig. 20(b)), electron—
hole pairs generated by X-rays in the graded-gap layer
are extracted from Al,Ga;_,As layer and collected at
the p—n junction by internal graded-gap field before re-
combination. Note that the generated carriers are col-
lected without application of any external bias voltage.

Figure 21 illustrates the measured dependences of
I,;, and U, on the X-ray power W at the surface of
the Al,Ga;_,As/GaAs detectors. The power W ,ps
absorbed in the detector is

Wxaps =W Sa,, )

where S is the detector surface area and a,, is the frac-
tion of the X-rays absorbed in the Al,Ga;_,As layer.
For a thick (50 pm) detector with a p—n junction, a, ~
0.78 and S, = 0.35 cm?. A thin (15 m) detector with
a n—p junction has a, ~ 0.45 and S,, = 0.10 cm?.
The a, is estimated from the absorption of an X-ray
beam with an energy Fx = 8 keV. In this estimate the
experimental data (Fig. 21) for the ampere—watt sensi-
tivities are 3; = 0.078 A/W for the thick (50 pm) de-
tector and 3; = 0.226 A/W for the thin (15 zm) one.
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(b)
p-Al,Ga;  As
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L=15-30um I=1-2um

Fig. 20. Schematic band diagrams of (a) n-GaAs-p-Al,Ga; —;As structure with a p—n junction at the wide energy gap side (z = 0.4) of the
graded-gap layer, (b) p-Al;Ga;_,As-n-GaAs structure with a p—n junction at the narrow energy gap side (x = 0) of the graded-gap layer.
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Fig. 21. The current I, and voltage U, response dependence

on the X-ray power at the surface of the thick (L = 50 pm)

Al;Ga;—,As/GaAs detector with a p—n junction at the wide en-

ergy gap side (curves /, 2) and the thin (L = 15 pm) detector with
a p—n junction at the narrow energy gap side (curves 3, 4).

The value of 3; in the thin (15 pm) layer is near to the
value of 0.25 A /W, corresponding to a hundred percent
collection of charge generated in the detector bulk. It
is worth noting that 100% charge collection efficiency
is achieved now in a 27 pum thick Al,Ga;_,As detector
[39].

The observed volt—watt sensitivity (3, is the largest
at low absorbed power. At Wx aps & 10~7 W the mea-
sured (3, is & 5-10% V/W, and at Wx aps ~ 2-1070 W
itis 8, ~ 1.1-10° V/W.

The new charge multiplication method by increas-
ing the n~/pt heterojunction reverse current is im-
plemented in the n-GaAs / p*-Al,Ga;_,As structure
consisting of thin (I, < 10~* cm) low-doped (n =
10% cm~3) n-GaAs layer grown at the narrow-gap side
of high-doped (p = 10'® cm™3) p*-Al,Ga;_,As layer
[40].
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Fig. 22. The short current Ip through the n™ -GaAs/

p7L -Al;Ga;—,As heterostructure as a function of absorbed X-ray

power at different bias voltages (V') and currents (Ip). The curves

are labelled by the current against absorbed power sensitivity. The

dashed line corresponds to Ip (Pabs) Without application of any

bias (right scale). The dotted lines indicate the levels of bias cur-
rent Ip at Pyps = 0.

Figure 22 shows the dependence of the experimen-
tally measured current through the device on the ab-
sorbed X-ray power at different bias current I;. The
X-ray tube with a Cu anode has been used as an X-ray
radiation source. The measured current sensitivity (3 at
the zero bias current (Iy = 0) is equal to Ix/Paps =
0.075 A/W. This corresponds to the charge collection
efficiency 7 = 0.33. The multiplication of the collected
charge increases with increasing I and achieves the
value K = 234 at Iy = 0.97 pA. Correspondingly,
the current over absorbed power sensitivity increases
by a factor of 234 and achieves 3 = 17.5 A/W. This is
70 times larger than the sensitivity 5 = 0.25 A/W in
the case of 100% collection of charge generated in the
Al,Gaj_,As.

The graded-gap Al,Ga;_,As structure can be used
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Fig. 23. The amplitude spectra of graded-gap detector current re-

sponse to 24! Am alpha particle irradiation at different doses. Doses

of preliminary alpha particle irradiation (particles/cm?) are shown
at the curves.

also as a high efficiency single particle detector (> Am
alpha particles) operating without application of any
bias. The results of alpha particle irradiation on the
measured energy spectra of 24! Am alpha particles us-
ing the graded-gap Al,Ga;_,As structure are shown in
Fig. 23. Because of the high efficiency of generated
charge collection, high resolution of alpha particle en-
ergy spectra is obtained before irradiation [41]. The ir-
radiation by alpha particles causes the increase in both
the non-radiative and radiative recombination rate in
a graded-gap Al,Ga;_,As layer and reduces the effi-
ciency of charge collection. As a result, the detector
response decreases.

It was obtained [42] that the current response of the
graded-gap Al,Ga;_,As detector decreases by a factor
of 7 at the alpha particle irradiation dose of 10'% cm =2,
The optical response, however, decreases by only 1.5
times at the same irradiation dose. Finally, it is worth
noting that the increase of the radiative recombination
rate with irradiation dose is responsible for the far bet-
ter radiation hardness of the detectors with optical re-
sponse.
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MIKROBANGU IR RENTGENO SPINDULIUOTES SUKELIAMI REISKINIAI PUSLAIDININKIUOSE

S. ASmontas ®P, A. Laurinavi¢ius 2, J. Paukste P, A. Silénas 2

& Puslaidininkiy fizikos institutas, Vilnius, Lietuva
> Kauno technologijos universiteto PanevéZio institutas, PanevéZys, Lietuva

Santrauka

Pateikti mikrobangy ir Rentgeno spinduliuotés saveikos su jvai-
riais puslaidininkiais eksperimentiniai tyrimai, atlikti Puslaidinin-
kiy fizikos institute, pradedant novatoriskais J. PoZelos darbais
ir baigiant paskutiniyju mety rezultatais. Pagrindinis démesys
buvo skirtas mikrobangy metodui, leidZian¢iam nustatyti karStujy
elektrony difuzijos koeficienta puslaidininkiuose, ir bigradienti-

niam efektui, kuris 1977 metais buvo pripaZintas atradimu. Taiko-
masis $iy tyrimy pobiudis atskleidZziamas, apzvelgiant neardancius
pavir$iaus puslaidininkiy parametry nustatymo metodus, panaudo-
jant helikonines bangas arba lokaliai suZadinant milimetrines ban-
gas bandiniuose, bei Rentgeno spinduliuotés konversija i infrarau-
donaja Sviesa varizoniniuose Al,Ga;—_,As dariniuose, igalinancia
nuskaityti Rentgeno vaizda jprastine CCD kamera.



