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Introduction

Quantum cascade lasers (QCLs) based on electron tran-
sitions between energy levels within a conduction band in a
GaAs/AlGaAs heterostructure are the unique sources of ter-
ahertz radiation. The devices operate in the 1.2...5.0 THz ra-
diation range, without strong magnetic fields utilization, with
the output power of more than 200 mW [1] in a continuous-
wave mode and with the peak output power exceeding 1 W in
a pulsed mode. Basing on a number of principles (microelec-
tromechanical principle, external resonator application etc.),
terahertz quantum cascade laser’s (THz QCL’s) frequency tun-
ing range expansion toward 300 GHz and more is achieved.
Besides, THz CQLs emitting over a spectral bandwidth of
1THz are demonstrated in a frequency comb operation mode
[2], this opening a prospect of the development of a THz
QCL-based THz spectrometer with a greater signal/noise ra-
tio (theoretically, more than 60 dB per 3 THz).

Besides being a unique THz radiation source, the title de-
vice can be used as a local oscillator for heterodyne detection
and thus provide an opportunity to solve the problem of THz
radiation detection. Spectral range covered by the radiation
generated by a THz QCL with a distributed feedback makes
tens of KHz, this fact having lead to THz QCL-based het-
erodynes use in NASA aerostats for solving astrophysical
problems.

The achievements in THz QCL technology make topical
the task of the research and development of THz visualization
systems and object imaging in the THz range using THz QCL.
Microbolometer arrays ensuring signal-to-noise ratio over
300 at sampling frequency of 20 frame in second are success-
fully used for detectors [3]. A possibility is demonstrated of

THz visualization of objects situated more than 25 m away
from the source (THz QCL) [4].

An alternative approach to building real-time THz visu-
alization systems is the use of the self-mixing effect in THz
QCL, when the THz radiation is reflected from an external
target back into a laser’s resonator and interferes (gets mixed)
with the electromagnetic field inside the resonator [5, 6]. THz
QCL in this case will function simultaneously as a source, a
mixer, and a detector, which will simplify the structure of
THz systems and reduce their cost.

A THz QCL development is a topical task for construction
of systems for target velocity and displacement distant meas-
uring and those for measuring the target’s THz reflection fac-
tor variations and distant object detection and 2D and 3D im-
aging, this making THz QCL development important for in-
spection systems, which is extremely important for terrorist
attack prevention. At the same time, no efforts on THz QCL
creation undertaken in Russia have been reported before 2016.

The aim of the present work is to demonstrate the first do-
mestic THz QCL.

Development of THz QCL active area design

The dependences of electron energy levels location and
the transition oscillator strength upon the electric field ap-
plied for a THz QCL with resonance-phonon depopulation
scheme and a cascade of three quantum wells are investigated
on the basis of numerical and self-consistent solution to the
system of Schrödinger’s equations in effective-mass and Pois-
son approximations, [7, 8]. Charge carrier dynamics under
the applied electric field’s impact is considered in terms of
nonequilibrium Green’s functions method with the account
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for electron-phonon interaction and electron scattering on
admixtures and roughness of heteroboundaries. As a result,
the structure of a multilayer GaAs/AlGaAs heterostructure
with diagonal radiative transitions and the oscillator strength
f21 = 0.425 is determined. Also, the estimated value of the gain
factor of the THz QCL under construction is calculated (fig. 1).

Epitaxial synthesis of multilayer GaAs/AlGaAs 
heterostructures

The offered structure of multilayer GaAs/AlGaAs heter-
ostructures is grown by molecular-beam epitaxy on a Riber
21 system. The growth was realized on semi-insulating
GaAs (100) wafers providing for lattice parameters coordina-
tion with those of GaAs/AlGaAs heterostructure, which is
important because of considerable thickness (about 10 m) of
the whole structure. Special high-speed shutters were used, in
order to reduce the thickness of the transition layers. The shut-
ters ensured that the time of the pattern change from Al- to Ga
source did not exceed 0.15 s. The growth was realized in ar-
senic-stabilized conditions, with the sedimentation tempera-
ture controlled with an IR pyrometer. The growing surface
condition in-situ control was carried out by the high-energy
electron diffraction method.

Structural parameters of the grown multilayer heterostruc-
tures were studied using X-ray rocking curves; their band-to-
band optical transition energy was investigated with the use of
photoluminescence and is reported in detail in [9].

In the heterostructures obtained, the heteroboundaries of
the epitaxial layers are very sharp, this being proved with the
transmission electron microscopy (TEM, fig. 2).

Post-growth processing of multilayer GaAs/AlGaAs 
heterostructures

In order to build a THz QCL, a double metal waveguide
structure was used, in which the active area is placed be-
tween two metal layers. Such a waveguide ensures stronger
field localization and lower losses, as compared to a plasmon
waveguide, though this approach makes the post-growth
structure processing more complicated.

The GaAs/AlGaAs heterostructure was joined with a con-
ducting n+-GaAs wafer with a thermocompression bonding
with subsequent wet etching of the initial GaAs wafer until the
AlGaAs stop-layer rich in Al was reached. After etching the
AlGaAs stop-layer, Ti/Au metallization was made, which
served simultaneously as a mask for ridge mesostrips dry etching
and as the top electrode of the THz QCL. Finally, the active
area of the THz QCL with the thickness of about 10 m turned
out to be limited with two metal layers. The double metal
waveguide formation is described in more details in [10].

At Fabry-Perot resonator fabrication, THz QCL’s ridge
mesostrip cleavage was used. To improve the cleavage quality,
the n+-GaAs wafer thickness was reduced to 150 m. Be-
sides, cleavage facilitates the formation of the ridge mesostrips
with "shoulders". One can see a THz QCL end cleavage in the
scanning electron microscope picture (fig. 3). The chips were
mounted onto a copper heat sink, which also served as the
bottom contact of the structure.

Study of fabricated THz QCLs

The performances of the THz QCLs made were measured
at the Institute for Physics of Microstructures RAS (IPM RAS).
Current-voltage (I—V) characteristics and total radiation in-
tensity vs. current plot for the THz QCL under study are pre-

sented in the fig. 4. Presence of a knee in the I—V charac-
teristics (0.32...0.42 ) is related to the electric field domains
formation inside the laser structure. Further, I—V character-
istics undergoes a sharp bend associated with the "lower level"
of the injector approaching the laser’s "upper" working level,
this promoting efficient tunneling of electrons and fast growth
of the electron current across the structure. In the plot of in-
tegral current intensity vs. current dependence, one can see
that the bend in I—V characteristics at the current of 0.42 A
(280 A/cm2) correlates with the sharp increase in radiation,
which indicates the beginning of stimulated emission in the
structure.

THz QCL fabrication technology testing

For testing the THz QCL fabrication technology, a mul-
tilayer GaAs/AlGaAs heterostructure from Trion Technology
(USA) was used. The heterostructure had a three quantum
well based phonon-resonance design and it was calculated for
the radiation frequency of about 3.2 THz. In the way similar
to the post-growth treatment described above, 100 m wide
ridge mesostrips were produced.

Chips were mounted at NII Polyus JSC. The emission
spectrum of the fabricated THz QCLs was measured at IPM
RAS (fig. 5). In the emission spectrum, a spectral line is
present near the frequency of 109 cm–1, which corresponds
with 3.2 THz. At 20 K, a weaker line is present in the spec-
trum near 107.5 cm–1, this corresponding with the longitu-
dinal mode of the resonator.

Conclusion

Despite the absence of a groundwork for THz QCL fabrica-
tion in Russia, the authors succeeded in designing a THz QCL’s
active area, the development of multilayer GaAs/AlGaAs het-
erostructure synthesis technique using molecular-beam epi-
taxy, working out in detail the grown structure post-growth
processing for building a THz QCL with a double metal
waveguide; all this has been done within the period from 2015
to 2017.

Investigation of THz QCL’s current-voltage characteris-
tics carried out at IPM RAS, has proved the stimulated nature
of the emission in the studied devices. In order to test the
post-growth processing technique, a THz QCL was fabricated
on the basis of a heterostructure from Trion Technology
Company (USA). In the emission spectrum of the device, a
spectral line is present near the frequency of 109 cm–1, which
corresponds with 3.2 THz.
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equal to zero (  is the electron and hole Fermi energies) ( ); Arrows indicate the tunnel transitions
between the states in the conduction bands (c—c) and the valence bands (v—v) of different layers
accompanied by theemission of photons with energy h . Band diagram of a similar heterostructure
with the injection of electrons and holes into each layer from the side contacts; wavy lines indicate
vertical intralayerl radiative transitions (b)



-   ,  19,  5, 2017 269

ä  ã   ä ÷  ÷
ì  ö  ë .

ì  ë ÷   ä  ã  ã -
  ü ì ë ì hBN  ë

ë ÷ - ä ö   ë -
 ì ä  ë ì   - ëü  -

ë ÷ ëü  ä    = 100   ä
2...6 ö ë  ä   ì -

ëü  [23]. ã ëü  ì ü ë ÷
ë ë  ë  7 /ì ì2.  . 8 

ì  ë ÷  ëü  
ä ã  ë ÷ .

 äë , ÷  -
, ë   ì ëü  ë ä

ã  ä     ã
ë  äë  ö ã  ë   ë  ö
ì    ,   ë -

÷  ÷ , ä    ë -
. ë ÷  ì ëü  ä

ë þ  ü  ø ì ë
 ì  ÷  ö ë -

÷    ã  ã ,  ÷ -
 ã  ö ë .

     -

  ,  

. .  (Rensselaer Polytechnic Institute, Troy,

USA), .  (University at Buffalo, Buffalo, USA),

. , C.  , .  (Tohoku

University, Sendai, Japan), . . , . . -

 (    ,

 , ), .  ( -

 -  , ,

)   . . . -

   . .  ( -

    .

. . , , )  . . 

(   -

  , , )  -

   .

 

1. Maekawa T., Kanaya H., Suzuki S., Asada M. Oscilla-
tions up to 1,92 THz in resonant tunneling diode by reducing
conduction loss // Appl. Phys. Express 2016. Vol 9. P. 024101-1-4.

2. Vitiello M. S., Scalari G., Williams B., De Natale P.
Quantum cascade lasers: 20 years of challenges // Opt. Express
2015. Vol. 23. P. 5167—5182.

3. Castro Neto A. H., Guinea F., Peres N. M. R., Novose-

lov K. S., Geim A. K. The electronic properties of graphene //
Rev. Mod. Phys. 2009. Vol. 81. P. 109—162.

4. Ryzhii V., Ryzhii M., Otsuji T. Negative dynamic con-
ductivity of graphene with optica pumping // J. Appl. Phys. 2007.
Vol. 101. P. 083114-1-4.

5. Ryzhii V., Ryzhii M., Satou A., Otsuji T., Dubinov A. A.,
Aleshkin V. Ya. Feasibility of terahertz lasing in optically pumped
epitaxial multiple graphene layer structures // J. Appl. Phys.
2009. Vol. 106. P. 084507-1-6.

6. Dubinov A. A., Aleshkin V. Ya., Ryzhii M., Otsuji T.,
Ryzhii V. Terahertz laser with optically pumped graphene layers
and Fabri-Perot resonator // Appl. Phys. Express 2009. Vol. 2.
P. 0292301-1-3.

7. Ryzhii V., Dubinov A. A., Otsuji T., Mitin V., Shur M. S.
Terahertz lasers based on optically pumped multiple graphene
structures with slot-line and dielectric waveguides // J. Appl.
Phys. 2010. Vol.107. P. 054505-1-5.

8. Ryzhii M., Ryzhii V. Injection and population inversion in
electrically induced p-n junction in graphene with split gates //
Jpn. J. Appl. Phys. 2007. Vol. 46. P. L151—L153.

9. Ryzhii V., Ryzhii M., Mitin V., Otsuji T. Toward the cre-
ation of terahertz graphene injection laser // J. Appl. Phys. 2011,
Vol. 110. P. 094503-1-9.

10. Otsuji T., Boubanga-Tombet S., Satou A., Suemitsu M.,

Ryzhii V. Spectroscopic study of ultrafast carrier dynamics and
terahertz amplified stimulated emission in optically pumped
graphene // J. Infrared Milli Terahz. Waves. 2012, Vol. 33.
P. 825—838.

11. Ryzhii V., Ryzhii M., Mitin V., Satou A., Otsuji T. Effect
of heating and cooling of photogenerated electron-hole plasma
in optically pumped graphene on population inversion // Jpn. J.
Appl. Phys. 2011. Vol. 50. P. 094001-1-9.

12. Tamamushi G., Watanabe T., Dubinov A., Suemitsu T.,
Satou A., Ryzhii M., Ryzhii V., Otsuji T. Current-injection te-
rahertz lasing in graphene-channel field effect transistors //
WINDS16: 2016 International Workshop on Innovative Nanos-
cale Devices and Systems Abstracts, p. 18, Big Island Hawaii,
USA, 4—9 Dec. 2016.

13. Tamamushi G., Watanabe T., Mitsushio, Dubinov A. A.,
Satou A., Suemitsu T., Ryzhii M., Ryzhii V., Otsuji T. Current-
injection lasing in distributed-feedback dual-gate graphene chan-
nel transistor // Proc. SPIE. March 2017. Vol. 1011.

. 8.       -
      

T = 100 K    

Fig. 8. Examples of the spectra of the THz radiation emitted from a
double-graphene-layer heterostructure with the interlayer population
inversion at T = 100 K at different voltages



-   ,  19,  5, 2017270

14. Svintsov D., Ryzhii V., Otsuji T. Negative dynamic Drude
conductivity in pumped graphene // Appl. Phys. Express 2015.
Vol. 7. P. 115101-1-4.

15. Svintsov D., Otsuji T., Mitin V., Shur M. S., Ryzhii V.
Negative terahertz conductivity in disordered graphene bilayers
with pupulation inversion // Appl. Phys. Lett. 2015. Vol. 106.
P. 113501-1-4.

16. Ryzhii V., Otsuji T., Ryzhii M., Mitin V., Shur M. S. Ef-
fect of indirect interband transitions on terahertz conductivity in
"decorated" graphene bilayer heterostructures // Lithuanian J.
Phys. 2015. Vol. 55. P. 243—248.

17. Ryzhii V., Ryzhii M., Mitin V., Shur M. S., Otsuji T.

Negative terahertz conductivity in remotely doped granene bilayer
heterostructures // J. Appl. Phys. 2015. Vol. 118. P. 183105-1-5.

18. Ryzhii V., Semenikhin I., Ryzhii M., Svintsov D., Vyur-
kov V., Satou A., Otsuji T. Double injection in graphene p-i-n
structures // J. Appl. Phys. 2013. Vol. 113. P. 244505-1-9.

19. Ryzhii V., Dubinov A. A., Otsuji T., Aleshkin V. Ya.,
Ryzhii M., Shur M. Double-graphene-layer terahertz laser: con-

cept, charactereisrics, and comparison // Opt. Express 2013.
Vol. 21. P. 31567—31577.

20. Dubinov A., A., Aleshkin V. Y., Ryzhii V., Shur M. S.,

Otsuji T. Surface-plasmons lasing indouble-graphene-layer
structures // J. Appl. Phys. 2014 Vol. 115. P. 044511-1-4.

21. Ryzhii M., Ryzhii V., Otsuji T., Maltzev P. P., Lei-
man V. G., Ryabova N., Mitin V. Double injection, resonant-
tunneling recombination, and current-voltage characteristics in
double-graphene-layer structures // J. Appl. Phys. 2014. Vol. 115.
P. 024506-1-8.

22. Dubinov A. A., Bylinkin A., Aleshkin V. Ya., Ryzhii V.,
Otsuji T., Svintsov D. Ultra-compact injection terahertz laser
using the resonant inter-layer radiative transitions in multi-
graphene-layer structure // Opt. Express 2016. Vol. 26.
P. 29603.

23. Yadav D., BoubangaTombet S., Watanabe T., Arnold S.,

Ryzhii V., Otsuji T. Terahertz wave generation and detection in
double-graphene layered van der Waals heterostructures // 2D
Materials 2016. Vol. 3. P. 045009-1-8.

V. I. Ryzhii, D. Sc., Prof., Corr. Member of RAS, Principle Researcher, e-mail: vryzhii@gmail.com

Institute of Ultra High Frequency Semiconductor Electronics, RAS, Moscow, 117105, Russia

M. V. Ryzhii, D. Sc., Associate Prof., e-mail: m-ryzhii@u-aizu.ac.jp

Department of Computer Sci. and Eng., University of Aizu, Aizu-Wakamatsu, Japan

. Otsuji, Doctor of Eng. Prof., e-mail: otsuji@riec.tohoku.ac.jp

Research Institute of Electrical Communication, Tohoku University, Sendai, Japan

Corresponding author: 
Ryzhii Viktor I., Professor, Corr. Member of RAS, Lead Researcher, Institute of Ultra High Frequency Semiconductor 
Electronics, RAS, Moscow, 117105, Russian Federation, e-mail: vryzhii@gmail.com

Toward Realization or Terahertz Lasers Based on Graphene Heterostructures

For citation: 
Ryzhii V. I., Ryzhii M. V., Otsuji . Toward Realization or Terahertz Lasers Based on Graphene Heterostructures, 
Nano- i Mikrosistemnaya Tekhnika, 2017, vol. 19, no. 5, pp. 265—272.

DOI: 10.17587/nmst.19.265-272

Introduction

The terahertz (THz) range of the electromagnetic radi-
ation is located between the microwave and optical spectral
ranges (Fig. 1). The THz range covers the frequencies of
molecular oscillation in gases and liquids and the frequen-
cies of the lattice vibrations in solids. This is the reason for
the exesting and future applications of the THz radiation in
different fields, including: radioastronomy, night vision,
covert communications between spacecrafts and in local

computer networks, detection of poisonous and exploding

substences, environmental monitoring, medical diagnostics,

and so on.

Despite long-time efforts and remarkable achievements in

the microwave electronics I photonics, the realization of

compact, sufficiently powerful and effective THz devices, op-

erating at reasonable (i.e., at room temperature or, at least, at

a moderate cooling), is still challenhing. Due to the practical

and fundamental problems limiting a wide use of the THz ra-
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We report on recent achievements by the groups of the Russian and Japanese researchers toward the implementation of terahertz
lasers based on graphene heterostructures with the electrical (injection) pumping. Two types of graphene-based lasers are discussed:
lasers based on a single- and multiple graphene-layer p-i-n heterostructures with the side p- and n-injecting v regions using the in-
terband intralayers radiative transitions and lasers based on double-graphene-layer heterostructures comprizing the individually

contacted graphene layers separated by a tunneling barrier layer, using the resonant-tunneling photon-assisted intraband interlayer
transitions.
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diation, the term THz gap is frequently used in the world sci-
entific and engineering literature. The devices and the systems
based of these devices covering this gap might be implement-
ed using the solid-state structures, first of all semiconductor
heterostructures based on the relatively non-traditional ma-
terials, particularly, new materials.

The greatest success in the cpenetration into the THz gap
is associated with the development resonant-tunneling diodes
(RTDs) [1] and quantum cascade lasers (QCL) [2] on the ba-
sis of III—V compounds, "moving" from the microwave is
photonic ranges, respectively. The way from the invention of
these devices to the embodiement in working samples has tak-
en decades. Nevertheless, there are many unsolved funda-
mental and engineering problems, for instance, the operation
of RTDs at the frequencies higher than 2 THz and of QCLs
in the range 6—10 THz, as well as substantial increase in the
output power and so on. Thus, the active research toward the
covering of the THz gap is still ahead.

Rather soon after impressive demonstrations of the unique
properties of graphene [3] — a material, which constitutes a
monol;ayer of carbon atoms — a variety of different devices
based on graphene layers was proposed. These devices include
detectors and modulators of the electromagnetic radiation for
different regions of its spectrum, THz photomixers, THz plas-
monic devices and other devices.

We would like to point out the proposed concepts of THz
lasers with the optical [4—7] and electrical (injection) [8, 9]
pumping. The special feature of the proposed lasers is asso-
ciated with absence of the energy gap (or its small value) be-
tween the conduction and valence bands in graphene layers.

Due to the latter, graphen is able to absorb and emit both
THz photons and ultraviolet photons.

The gapless energy of graphene layers, which is a draw-
back for its applications in the digital circuits. Substantially
widens the potential of graphene in THz electronics and pho-
tonics. One can say that the failature of the expected graphene
"revolution" in the area of large integrated digital circuits, can
be compencated by the progress in the development of analog
electron systems, particularly, considering excellent transport
and plasmonic properties of graphene layers.

Pumping of a graphene layer due to the electron and hole
generation by the absorbed light and due to the injection leads
to the radiative recombination and the generation of radiation
with a relatively small photon energy owing to the zeros en-
ergy gap between the conduction and valence bands.

At a sufficiently strong pumping and the existence of an
effective photonic feedback, the recombination radiation
can became essentially stimulated. Although the first exper-
imental papers on the realization of the stimulated THz
emission, conducted in Tohoku University, Japan [10] and
based on our theoretical predictions, had been really encour-
aging, it was clear that the optical pumping (apart from its ev-
ident inconvenience) is not a sufficiently effective pumping
method. The point is that the electron-hole pairs generated by
light (with the photon energy in the range 1.5—2.0 eV) re-
ceive by their birth a large energy, that results in the rise of
their effective temperature. The latter hampers the popula-
tion inversion achievement [11], necessary for lasing. Con-
trary, at the electron and hole injection pumping into a
graphene layer (or into several parallel graphene layers) from
the side contacts, the electron-hole plasma effective tem-
perature is close to the lattice temperature or even can be
lower than the latter [12].

Injection laser based on graphene heterostructures
with p-i-n junctions

Schematic views of the proposed by us injection lasers
[8, 9] based on a single- or multiple-graphene layers (disori-
ented with respect to each other, twisted) are shown in Fig. 2.
In the device of the first type (Fig. 2, a), the p- and n-regions
are formed by the pertinent doping. In the heterostructure
shown in Fig. 2, b, these regions are filled by the carriers in-
duced due to the gate potentials of the opposite polarities.
Fig. 3, a and 3, b show the band diagrams of the heterostruc-
tures in question at the zero and forward biases, respectively.
The layer disorientatioin (twist) gives rise to the suppression.

Of the inter-layer interaction, so that all the graphene lay-
ers have the analogous (Dirac’s) energy spectra, the same as
an isolated graphene layer (in contrast to graphite and graph-
ene bilayers).

We and our collaborators implemented the heterostruc-
tures like the dual-gate field-effect transistor based on graph-
ene layer with the lateral electrically-induced p-i-n junction.
In general, the fabricated samples (see Fig. 4.) are similar to
that shown in Fig. 2, b for the case of a single-graphene-layer.
Metal gates in these heterostructures are the tooth-like as
shown in Fig. 4, that enable the distributed feedback for the
THz radiation, propagating along the gate edges.

In particular, at the direct p-i-n junction bias, a single-mode
emission of THz radiation with the frequency about 5.2 THz
was observed (see the spectra in Fig. 5) at the temperature
T = 100 K. This frequency corresponds to the period of the
tooth-like edges of the gates. The width of the spectral line al-
so is in agreement with the modeling results [12, 13].

In the samples without the distributed feedback, the emis-
sion spectra were rather wide (several THz). Although the ob-
tained results are preliminary, the observed THz emission can
be interpreted as the interband lasing associated with the pop-
ulation inversion of the injected electrons and holes.

The operation of the THz lasers under consideration, par-
ticularly, at higher temperatures can be complicated by a
number of factors. One of them is the intraband photon ab-
sorption by the "free" electrons and holes (Drude absorption).

To minimize this effect, one needs to use sufficiently per-
fect graphene layers with the elevated mobility of the inject-
ed electrons and holes. The problem of the indirect electron
and hole transitions associated with their scattering assisted
by the photons, can be solved (or, at least, softened) using
the "decorated" graphen heterostructures, for example, the
heterostructures with the selective doping and, particularly,
the heterostructures based on graphene bilayers [13—17].
The operation temperature might also be enhanced using the
distributed feadback resonant cavities with the elevated
quality factor.

Lasers based on double-graphene layer

Apart from the laser graphene heterostructures, using the
interband radiative transitions at the population inversion in-
side the graphene layer (or inside of each graphene layers in
multiple-graphene-layer heterostructures) considered above,
the laser based on other graphene heterostructures were pro-
posed.

In particular, these lasers can momprize two individually
contacted graphene layers, separated by a barrier layer made
of hBN or other similar materials [18—22]. Fig. 6 shows the
sketch of such laser structure. The application of the bias volt-
age between the graphene layers, provides the formation of
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the two-dimensional electron gas in one layer and the two-di-
mensional hole gas in the other. As a result, the inter-layer
population inversion arises, which can be used for lasing due
to the THz photon emission accompanied by the tunneling
transitions between the layers. The pertinent band diagram is
shown in Fig. 7, a.

Fig. 7, b shows for the comparison the band diagram of
p-i-n laser (with two independent graphen layers), considered
above, which utilizes the vertical interband inter-layer tran-
sitions. The THz emission at the inter-layer tunneling tran-
sitions between the states in the same energy bands and at the
intra-layer transitions ehibits different polarization because of
the distinction in the selection rules. The absence of the lat-
eral component of the THz electric field in the case corre-
sponding to Fig. 7, a implies the absence of the Drude ab-
sorption. It worth, nevertheless, noting that the realization of
lasing in such heterostructures requires a sufficiently precise
mutual layer orientation.

The radiation emission from the double-graphene-layer
heterostructures with hBN barrier layer under the conditions
of the electrically-induced population inversion between the
layers and the resonant-tunneling radiative transitions at
T = 100 K in the range 2—6 THz was recently detected ex-
perimentally [23]. The integral emitted power was estimated
to be 7 W/ m2. Fig. 8 shows the examples of the obtained
spectral characteristics of the output radiation.

Conclusion

Graphene-based heterostructures of two types for the la-
sers, operating in the THz frequency range, were proposed,
theoretically substantiated, and experimentally realized for
the first time. The THz emission associated with the electrical
pumping, leading to the population inversion was observed.

The obatained experimental data support the feasibility of
the successful implementation of effective and compact THz
sradiation sources based on graphene heterostructures, in par-
ticular, graphene-based THz lasers.
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  ö  ë  ì üø ü ë
 ë   ì   ÷ -

  ä   [6].  -
ì    ÷   ÷ -

      
  [5].

   

   

ä ì ì ì  ä ì þ  -
ä    ã ëü  ë -

  ä ì  ( ì )  ä -
ì  ë ì   ì üþ ë  

ã . ëü ö  — ä ë  -
 ë ,   ì þ  -

, ä ã  ä ã , ÷  ü ë ÷ -
ã   ì ä  ì   ë ì ì  ä -

 ì .

 ë , äë  ì  ë ö  
ä  ì  ëü þ  ä  ã  ì -

ä :  ì  ä   . ë  ë -
ö   ä ì  ë  ë ä þ

ë ã ÷  ö : ë ã  -
 ì , ë  ë ä , ä ë

 ì , ëü ãë  -
ë  ë ä .

" ä " ì ä  ä ë ã þ  ëü
ä   äë  ì ÷ ã  ë

 ì ÷  ë -
ä .  ì ä  ë þ  ì   -

ë ö    þ  ë ã  ë ã ÷ ã
ä .     ã ì

AlGaN/GaN " ä " ì ä  ë ÷ ë -
,   -  ëü  ì ÷  -

  GaN ë  ä ü , ë þ-
 ì ÷  ü ë ä . -

  ì ë ì ë ì -
÷ ì ë  GaN,  ä  ì ä ëü

  ì ã  ì   ë  ë
ä ì ì [7].   ÷  -

 ë ÷ ë  " " ì ä . ì  ëü-
 ì ä ë ì ì ÷ ã  ë   -

ä -  ë ì  ( ) ã -
 AlGaN/GaN.  ë  ë ÷ ü ëü-

ø þ ë ü   ö  ë , ÷
ä  ì ü ë ÷ ü ü ë -

  ì ë  ÷  ã .  ë -
 ã  AlGaN/GaN ëü þ   -

ì ì ü Cl2 c BCl3  Ar.  ì ö
ë  ë ÷ ü ä ÷  ëüø  

ë .

 ã ë  ë    ã -
   GaN ÷  ãë

 ì ë ö  ë  20,0...30,0 ì.
ëü ì  ë ä  — AlGaN  GaN,

  äë  äë   ëü ã  
Al2O3  SiC — ì ë , ÷   ä ì ì
ä .   ÷  ãë  ì

ë ä þ    ë ã
ì ÷   ä  -  ë

ì  ø ë   ì ì
ë ã ÷ ì ì ë ö   ë .

   ì ë  ø  ì ü -
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þ ì ë ö þ ëüø  ãë  ( ë
80,0 ì).  ì    

ë , ä ÷  20,0...30,0 ì/ì . 
ü ë  ä ã   ì þ  -

 ë ì ì ÷ ã  ë  SI 500  ëü-
ì ä  BCl3 + Ar.  ä  ì  BCl3

ëü   ì ÷   ä ,  Ar
ä  äë  ää  ä   ì   ÷ -

÷ ã  ÷   ö  ë .  ë -
ì ì ÷ ì ë  ëü ë ü -

 ì , ÷  ë ä  ä ë ëü
  ö : ä ì ü ä

ë    ë ä  ë ä
ë    ã  , -

 ä   ì þ ã ì  ì   
ë ä þ ì ä ì   . -

 ä ì  ì  ë ä   ä
ä    ì ã ë ,  ã

ë ü ä ÷  äë  ì ö  ã -
, þ ã   äë ëü  ö . ë

ä  ë  ë  ø  ü ö
ë   ë ä ëü    -

ì  ë .

 ã  ä  BCl3 (30 sccm) + Ar (50 sccm), ä -
ë   ì  8 , ì   ì ë -

ä  170  ÷ ë    ü
ë  ä  25,0 ì/ì .  ë
ö    ö ë  "30  ë  —

 1 ì ". ë  ö ë    -
ì   ãë  ì .   ëü ì

ã   ì þ  ã  ë ,  -
ä ì ã   ì

ë ì Si3N4, ã þ ã  ëü ã  ë  -
ü  . ì  ä ë ì -

 ë ö    ë  ã -
  ä ë  ä ë   ä -

 ë ì      ë ì ì ÷ -
ã  ë .

ì ì, äë  ì  
ì ë ö  äë  ã  AlGaN/GaN

ë þ  ë ä þ  ë ã ÷  -

ö : ë ã   ë  ë ä-
, ä ë  ã  ä ë  ë ì ì -

÷ ì ë ì, ë ì ì ÷  ë
ë ä ,   ì  

ëü ãë  ë  ë ä .

ë ÷  ëü  ì -
ë ö   ë  ÷  ë

 ö ëü ì  äë   ë ö
( ø  ä  ä   . 1) ë  -
ì  ì ÷    ã -

. ë  ä ã   ì  ì ü 
÷   .

  

     

 ì  ì ÷   -
ë ã    ä ë  ÷ ü ì -

ì ëü   ë   ã -
  ÷ ü ë ã ÷ ü ë ä -

þ  ö .  ì ø  
 ã  (Eg) ë  -

 . ë  ä  ì ÷ ã  
 n-GaN ÷  ã  ëü þ  ì ã ì -

    Ti, þ   ö -
 ì  ä    

ä .  ë  ì ÷ ã  -
 ì ëë — GaN ÷  þ   -
ì    ÷  ì ä

GaN  ì ë ì , ì  Ti. ëü-
 ì ã ì    

Ti/Al  ë ä þ  ì  ÷ -
 ä ëü   ë  ä

0,5...0,6 ì•ìì  Al Ga1 – N,  ì -
ì  ã ì ÷   ä  ì-

 750...900 °  ä   ì þ ëü -
    ì ëë ö .

ë ÷    ë
 ì    

ëü  ì   ì  ì ÷ ã
  ëü ë ã ì  GaN.

ì ì, ì ä  ì  ì -
÷    ã ì AlGaN/GaN
ì  ä ë ü  ä   ë ã : ã -
ì  ( ë )  ã ì  ( ë ) -
ë ã  ì  ì ÷   [8].

ë  ã ë      -
ä  ã ëë  ëü ë ü ã ì  ë ã

ì  .    
 ã ì  ë ã  ì ÷  -

  ä ì ã ì  
Si/Al  ëü    

ä ì ã  ä  äë  ì
ã ì  ì ÷   [9, 10].

ø ì ä þ  ë ã  ì
ì ÷    ã ë   

 ä  ã ëë .
. 1.     

Fig. 1. Device mesa isolation testing
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 ( )   

 Si/Al   .  ì ëë —
ë ä , ì ì   ëü ì

ì ã  ã  ì ÷ ã  -
ã  ( ), ë ÷ ë  " ã ì  ì -

÷  "  ø ë ø  ì  
   ë ì  ì 

ã  AlGaN/GaN.
 ä ë ü ä   ä  ì -

 ã ì ã    ã
AlGaN/GaN:

ä  ì  ì ëë ö  ì ÷ ã  -
  ã  AlGaN/GaN;

ä  ì ÷   — ä  ì-
, ì  ã ,    -

ã . ã ä    ä .
ë ÷  ì  ì ëë ö   -

 Ti/Al ë þ  ä ì   ì  ø  -
ëü ì   ã ì  ì ÷   

ä ì ã ì AlGaN/GaN. -
 ä  TiN  AlN ä   ä -

þ    ë ä   ã -
ö  , ä    ì 

ì  ì  ( ë  800 ° ). ë
ã , ä  TiN ë ä  ì ë   -
ä , ÷  ä   ì üø þ ë

ì ÷ ã  . ä  ë ü  -
ë þ Ti  Al  ëü  -

ã  ë  Au. ë  ã , ä  Al  Au
ì þ  ä ö þ ü   ã ö  -

, ë ÷ , ì ì, ÷  -
ã  ë   äø  ì ë ã þ

ë  ã .    ì ë  -
ä ì ü ëü  ü ã  ë , -

þ ã  ä  Al  ë  ã
ë  Au  ë ã  ä ä þ ã  Au  
ë ä . ë  ä ì , ÷
ü  ë   ì ëë    ì-

 þ   ä ëü  ëüø
ö , ä , ì ì, ë  äë  ä -
 ì ëë  ü ü  ë  [11].

 ö ë  ë ÷ø  ì ë ã  ë  
ì  ì  ì ÷  -
 ä  675...725 ° ,  ì ë ü 
÷  ë  . ë  ì -

 ì ÷    ì ÷ -
ì ä ëü ã  ã  ë   ä -

ö  ì  ì ëë ö  ì ÷  -
 Ti/Al/Ni/Au ä  ì  ã

 ì  ø  800 ° ,   -
 ä ì  ë  TiN [12]. ë  ì ü-

ø  ì  ã   ÷  ã
ë    ì  ì ëë ö  ä

ä ì ë ì Ti  ë  Si, ã þ
ëü ë ã þ  ì  [13]. ë ÷  -
ã  ë  Si  ì ö    Si/Ti/Al 
ì  ã   700 °C ä   -

þ ä  TiSix   TiN

[14]. ì ì, ë  Ti ë ëþ÷  

 ì ëë ö , ëü  ì ë ü ã

ëü — ì     ä

ì üø  ö ö  ì  ì  Si

 ì ö .

ì ì, äë  ì  ã ì

ì ÷   ä ì  ë  ë -

ä þ  ë ã ÷  ö . ë  ë -

  ì ë ö   ã

AlGaN/GaN ÷  ä ë þ ì  -

  ì ö  ã ì  ì ëë -

ö  ì ÷   ì ÷ ì ( -

ì) ì ä ì  ì   Si (7,5 ì) —

Al (50 ì) — Ti (25 ì) — Au (50 ì). ä -

ä ì ì ëë ö  ä   ä  

 HCl:H2O. ì ë  ì -

÷   ä  ì ëë ö   ä

. ì ì  ë  ì ëë ö  -

 ì ÷     ä ã  ÷  ã -

 äë  ä  ë ã ÷  ë -

ì  ì   ì  äë  ë -ë ÷  ë -

ã  ( )  . ëë ö

Ti/Au ä  ì ÷ ì ( ì) ì -

ä ì  ì   ä ë  ì  -

.

ëü  ã ì  ì ö   -

 Si/Al ë ë  ë ÷ø ü ì ë ã þ ì -

÷  , ë ÷ ü ÷  ä ëü ã

ã  ë ,  þ  ÷ -

ì, ë ÷ ì ì  ëü ì ì ö

  Ti/Al,  ë  0,35 ì•ìì.

 ì ä   ì ÷  

÷  ÷ ëü  ì  ÷ -

 ä ëü ã  ã  ë   ø -

ì ä  ì  ã , ÷  ø

ë ã ÷ ü  ä ì ü ö

ì  ì ÷    -

þ  ì ö ì    Ti/Al [9, 10].

 ( )  

  .  ã ä ø  ä ü ë

 ë ã  ë  ì ÷ -

   ã ì AlGaN/GaN —

ë ã  ëü  ä ì ã  ëü -

ë ã ã  GaN   ä ì ÷  -

 ÷  ä ëü  ì þ ì -

 [15]. ü ì ä  ëþ÷   ì

ä ë ÷  ì   ã , ì

 ì   ä ë   ä ì ÷ -

 , ëü ì  n+-GaN, ä -

ë  ä ë ÷  ì   ë  ì ë-

ë ö    n+-GaN.   -

 ä ëü ì ì ë ì ì -

÷  ÷  ä ë ÷ þ ì  ãë ë þ

ä   ä ì ã  ë ã  ã  (2DEG).

ì ÷  ì  ã ì  ì -
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÷    ä ì ì n+-GaN -
  . 2.
ë ã ä  ä þ ì  Si ä  -
ä  ë ä ã  GaN,  ä ë
ä ü   ä ì   ë -

üþ ä ì ã  ë ã  ã  (2DEG). ã -
 ä  ã ëë  ä   ö

ä   ì üþ ë ã   
ì  ì ë ë ã  ÷  ì . -
 ä ü þ ö ö þ ë ã þ
ì   ä ì ì ä  ã ëë .  ä

, ë ÷  ö ö  Si, 
  ë  ä  ì , ë

ü ö ö þ ë   ü
ë  .  ä ã  , 

÷ ì ì ø  ö ö  Si -
ä ì ü  ÷  ä ü,  ì  -

 ì  ü   ì  GaN 
 ä ë ëü  ä   ãë ì .

ë  ë ö     ã -
ì ì  ì ÷ ì  ì  ë  

ë ã   ä ì ëü ë ã -
ã  GaN ì ë ë -ë ÷   ( ),

    þ  ë ì ì ÷  -
ä   ü  ë  AlGaN,   -
ì    ëü ë ã ì  -

ì  ë þ,  ì  ö
( ë  1000 ° ) ä ì  ì -

ëë ö   ì  ì ÷ ã  -
  ë ì ë ã  Si  ì ë -

ö .  ì ì ì  ä ë ÷
 äë  ä  ì  ä  ë

ì ë ì äë   ë  ã -
.

ì ã ì  ì ÷  -
  ã  AlGaN/GaN ë  -

ø  ä ì ü ( ì ü ë -
  ì  ë ã ã  GaN), ø

ì ë ã  , ä ë ì  ëü  ø -
üþ  ä ì ëë ö þ 

ì  ä ì  ì  ì ëë ö , -
 ë ; ä ì — ä ì ü

 ëü  ë ã ÷ ã  ä ã -
ã  ä .

ä  ë ã  -
ã ì  ì ÷    ã -

ì AlGaN/GaN -
ë ë  ü ä  ë -
÷  ã ì  ì ÷

.  ÷  ëü
ã ì   ì
ü   ì -

 ö   -
ì   ë ä
ì ëë ö .

ö ä  ä  ëü -
ë ã ã  GaN  ã -

ë     ä  ã ëë  ä ë ü
 ã   ü ì ë ì AlGaN/AlN.

ë  ì    ë
ëü  ä ë  ì  ä ë

Si3N4/SiO2 [16]. ë  ä ë ü ë ì -
ì ÷ ì ì ä ì   Plasmalab Sys-

tem 100 ì  Oxford  ÷ ì ä
 ë ì . Si3N4 ä ë   ì  ã

N2 (10 sccm) + SiH4 (12 sccm)  ä ë  8 ì ,
ì  250 °   ì   800  
ä  ä ì ì  ì -
ë ö . SiO2 ä ë   ì  ã  N2O

(23 sccm) + SiH4 (6 sccm)  ä ë  4 ì ,
ì  300 °   ì   500 . -

ë   ì üþ ë ã  ì þ
" " ä   ä ë . ÷  

ö þ þ  "   ä ë ".
ë     ä ì  ì -

ü ì   ì ë , ü ë  -
ã    ë  ä ë  

ä ã  ä  ë . ÷  ì -
 ì  ä   ÷  ë ã -

      ÷ þ ë
 ä ë ì  ä ì  ë -

, ì     ì
äë  ë  ä ë , ø   
ë ,   ä ë  ì . ë

ì   ì  ÷
ë  ä ã  ö  ë .

ë  ä ë ÷  ë  ÷  ä -
ëü  ì þ þ ì -

 ë  ë ì ì ÷ ì ì ä ì 
ì  SF6  O2   ë ì ì ÷ ã

ë  SI 500.
ë    ì  -

ä  ë ì ì ÷  ë  AlGaN  GaN
÷  ì þ ä ë ÷ þ ì  
ì  BCl3  Ar    . ì

ë ä þ  ë  AlGaN  GaN  
 ì , ä  

ë  ë ì ì ÷ ã  ë  ä ë -
.  ì  ì   ë  

  ã    ì -
üþ  ä ë   ëü ë ã ã  GaN

. 2.     -
 GaN       AlGaN/GaN: a — 

ãë ë  ä   2DEG, b —  ãë ë ì ä   2DEG

Fig. 2. Regrown highly doped GaN use in non-alloyed ohmic contacts to AlGaN/GaN fabrication:
a) without penetration down to 2DEG level, b) with penetration down to 2DEG level
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ë ì —  ä  ëü   ÷ ,
ãä  ä ë ÷  ì  ë .  ã -

  ì  ä ë ÷
ì  ì ÷   ä  ëü -
ë ã  GaN     ì -

 850 ° .  ë    -
ì ë ì ì  ( )  
. 3, ãä  ä , ÷   ä  ëü   ì -

 . ë  ä  ëü ë ã -
ã  GaN ä  ä ë  ä ë ÷ -

 ì   ä ì  ã  -
ë  (HF:NH4F: 2  = 1:3:7).  ì

ëü ë ã  ë  GaN ä  ì -
ëë ö  ì ÷  . ë  ã   -

ì üþ ÷  ë ã  ì -
 ä ë  ì ,  ì  ë

ë  ì ëë ö  ã ì  ì ÷
 Cr/Pd/Au  ë ä þ ì " ì"

 ì .  ì  ì ëë -
ö    ë ä þ  ì ÷  -

. ÷  ë ä ëü ü ö
ì  ã ì  ì ÷  

  . 4.
ëü  ë ã  ì  -

ã ì  ì ÷    ã -
 AlGaN/GaN ë ë  ü   -
ì  ö  .  ÷  ã

ä  ü ÷  ëü
 äë  ë ä þ  ë ã ÷  -

ö ,   ë ÷ ü ì ÷   
ä ëü ì ë ì 0,15...0,2 ì•ìì, ÷
ë  ëü ì ì ã  .  ì

ì ëë ö  ì ÷    ì  äë
   ä   ä ì -

ë ã ÷ ì ö  ë  ì ëë ö .

  
(  )   

   

 ,  ì  ì  -
ë     ã ä  ãë -

ì ì ä ë þ  ì ì  
[17]. ì , ä ëü  ÷  ë  

 ft = Gm/2 Ggs  Ves/Lg, . .  -
ö ëü  äë   Lg, ãä  Gm — -

 , Cgs — ì ü - , Ves —

ä  ü ë . ë  -
 ì ã  ä

ä ì  ì ü Lg < 0,25 ì ì.
ì   ì,   

ì ë  , ö
ø ì  ì  ü ä ë  

ä  F0 = 1 + Kl fLg ,
ãä  Kl — ì þ  -

ö , Rg  Rs — ë
   .

þä  ì  ö ü -
  ÷ þ : ë ã

Rg = gWg  Rs = s/Wg, ãä  g 

s — ä ëü  ë  -
   ( ì•ìì) -

,  Wg — ø  -
,  ÷ , ÷  äë  -

ì ëü ã   Rg = Rs,
ë ÷ ì g = s/ . , ë

g = 0,2 ì•ìì, Wg = 20 ì ì, -
ë ÷ ì ÷  g = 500 ì•ìì,

ä  ë ä , ÷   ë ÷
÷  ì ì  ì ëë -

ö   ìì  ë -
 0,6 ì ì ÷  

Gm Rg Rs+

Wg
2

. 4.      

Fig. 4. Sequence of operations fulfilled for non-alloyed ohmic contact fabrication

. 3. -     -
 GaN   

Fig. 3. SEM image obtained after the highly doped GaN epitaxial growing
with the dielectric mask



-   ,  19,  5, 2017 279

ä ë  ü  ì  0,4 ì ì2. ë  ë  
÷  ì þ  ë  ø  ,
ë ä ëü , ÷   ä ë  ü 
ëüø . ÷ ä , ÷  ä ì  ë ÷ ü

ì ë þ äë    ëüø  ÷  ì
ëü   ì ë ÷ , ë   ì  ã -
þ ( ë  T- þ) ì . ì  ëü
ä ÷  ë ÷  ã ã    ì

ì äë   äë  ÷  ø ã
 ì  ÷    

ì   .
ì ì, ë ÷   ë ë

äë  ä ë ã  ÷ ã  ä  ä -
ë  ì ë ì ë ä   ã ì

.
ì  ã ã   

 ë ä þ  ëþ÷  ö :
ë -ë ÷  ë ã  äë  ë ÷

ë  ä ã  ;
  ì ëë ö ;

" " ë ã  .
ì ì ä þ ì  ã -

ã  ë   .
ë  ä ã ä ö   ë   ì -

 120 °C  ÷  15...20 ì   ë  ì -
ä ì ö ã  ë ü ì ã ë -

 ì  ë    ì ÷-
 ø   ë . ì    ë

PMMA950K/PMGI/ ë ì /PMGI/PMMA950K
 ë  ë  1,3 ì ì. ë ä ëü-

ü ë    ë  ë  ì
äë  ä ëü ã    ë -
ì ã  ë  ã  ë   -
ì ì   ÷   0,1 ä  0,25 ì ì  -

ì   ÷ ã  ä  ä   
ä  ã ëë .
äã ë  ë  ë ü 

 ë -ë ÷ ã  
Raith150-TWO (ë ã ). ì  -
ë ü  ë   ø  0,8 ì ì,
   ë ä  (  -

). ë  ä ë ü ë ä ëü  -
ë    ë    -
þ  ë  ( :  — 1:1, 101A,

:  — 1:3).
ë  ã  ë ë ü  -

 äë  ì  ë ã  ä -
   ä ì ì ì ëü ì ì -
ì  ä ë ì ä   ë ä . ë  -
ë ë ü  ä  ë  .

 ëü  ë ì  ã
ëü ë  ë   . ë

ã  ä ë ü ÷   ë ä  ë ì
 ì üþ  -001  (2 ì   ã -

ëü ì ë )     ä
ë  ë .
ë  ÷   ë ä  ë ì  -

ë ü ä ì   ì ëë ö .

 ì ëë ö  ä ë ü  -
 ì ã  ë  ì ÷ ì ( -

ì) ì ä ì. ë ä ëü  ë -
ë ü ë  Ni(600 Å)  Au(5400 Å)  ëü ì -

 ë ä ÷ . " " ì ëë ö  ä ë
 ö   ä ì ë ì ì ä  ( ) (äë  -

 ë  PMGI). ë  ì  ë
 ä  ä  ä ë ü ö

ä ë ì ä ë ì Al2O3/Si3N4 -
ä ì  ë .

 ,  
 

ö  ä   ä  ä : 
ä ë ÷  ë   þ ë ; ë -

 ä ë ÷  ë  ÷  -
þ ì .

ë  ì    ë   
ü ä ì   þ

ä ë  äë    ä  þ-
 ä   ì üø   -

.  ä  ä ë  ëü  äë
ì   ë ì ,  
ä . ëü ë ü ä ë  -

ì  ä ë : ä ëþì  (Al2O3), -
ä ì  ì ä ì ì - ë ã  ä  

ì  300 ° ,  ë ì ì ÷  ä
ì  (Si3N4), ë ÷ ì     

ë ì ì ÷ ã  ä  ä ë  Plas-
malab System 100. ä  ä ë  -
ë ë ü  ä  ì  ì ë  (SiH4 = 12 sccm)
 ì (N2 = 11 sccm)  ì  ÷

 800 , ì  300 °C  ä ë   -
ì  8 ì .  ì ä ë ü ì  ë-

 ä ë  äë  ë ÷  ì  -
ä , ë   ì  .

ë  ÷  ì  ì ã ö  ä ì -
ã     ì  äë

ë  300 °C.
ë ä  ì ü, ÷  ÷  ë  ëü

  ì ã  ì  ö  ä -
,    , ëü ì  ã ,

ì ë äë , ì  äë , ä ë -
  ì ,  ì ü,  ì ä

ë ä ì , ö ëü  ä ë  ã , -
ü ÷ , ì ë  ã ì  ë ä .

ì ì, äë  ë ÷  ë  ä -
ë ã  ÷  ä ì  ø ü ì ã -

ëü þ ä ÷ .  ë , ì  ö -
 ä  ä ë  þ , 
 ä  ë ÷  ä ë ÷  ë , ä -

ë þ  ä ë ì ì   ì.
ë   ë ÷  ö   ë -
ä   ü ä ë ì ëü

ë ü ë ä ,   ö  -
  ÷ ü ø þ ì ü,

÷  ä ë  ì  ë  ã -
    øë ,   ä . -
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ä ì - ë ã  ä  ä ë ÷
ë  ÷  ä ì þ ì ü
  äë  ö   ä

 ë  ä  10 ì. ë  ÷  -
ä ì  ì  ä  (

  ì ü)  Al2O3 ä
Si3N4 ì  äë  ä   ë , ÷-

  ë  ä  0,1...0,3 ì ì. -
ã  ì  ë ÷ ã    Lg  250 ì

ë  ö  ä ë   . 5.

ë  ì  ë ø  ë  ä -
ë  ì   ì

 äë  ë ì ì ÷ ã  ä ë  ä ë -
, ë  ä ë   ì  ö  -

 ë   ä  ä . ë -
ì þ  ä     þ ÷ äü
ä ë  ÷ ü ä ì þ ü -
ë , ë ü  þ.  -

, äë  ë  ì   ã  ä  -
ëü þ  ä  ã .  ã  -
ëü þ  ãë ä  ã ë ã ä  ä -
, ì þ    " ë ä ". 

ä   ã  ã  — ì ü -
 ÷  ä   ö  -

ë , ë ü  ë ì ö , ì ü
 ë ì ã  ãë ä   -

ì   (äë   ë ä ). ë
ä ë  ä  ë ä    ÷

ã  ÷  ä ë þ  ë ä.  ä ã  -
ä  ã  ë ä  ì ü ø þ

 SF6, ì   ë  ä ÷ü
  ë   ä  

 ä  ä  ë  -
ä ã  ã .   ÷   ì -

 -    ì ÷  -
  ø þ  ö ì ì ë ì

ë ã ÷ ã  ä   ÷ .

ë  ë  ä ë ã  ä ë  -
ì ë   ë ì ì ÷ ã  ë

SI 500: äë  ë  Si3N4 ëü ë ü ä
ø   SF6 (15 sccm)  ë ä ì
O2 (4 sccm), ÷  ä ë  6,2 , ì ü

 ÷  200 ; äë  ë ä þ ã  -
ë  ÷    þ ì  Al2O3

ëü ë ü ä  BCl3 (7 sccm)  ã ì Ar
(14 sccm), ÷  ä ë  1 , ì ü 

÷  800 , ì ü  20 . ë ä  -
ì ü, ÷   ë  ä ë  äë  ë-

  ë  ä ë ÷ ã
ë  ä ì ÷ ëü  .

ë  ä ë  ä ì  ä ü
 ì:

— -  ä ä  ë  ä ë
 ë  (10 %  ë );

— -  ä ä   ë  ä -
ë  (5 %  ë ).

ë  ì  ö   ë
ì   ì   ä ë  ë -

ä þ  ë ã  ä " " äë  ì -
 ã   ì ëë ö .

ì ì, äë  ì  ö
  ä ã  ä ë  ä -

ì  ë  ë ä þ  ë ã ÷  -
ö :  ë  Al2O3 ì ä ì ì -

ë ã  ä ; ë ì ì ÷  ä
ë  Si3N4; ë ã   ö  
ä  ä ; ë ì ì ÷  -

ë  ë ä ëü  Si3N4  Al2O3;  -
 ì .

 ì  ë  ì ä  ì ÷ ì  -
ì  äë  ö   ä ÷  ëü
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Fig. 5. SEM image of the cross-section of a mushroom-like gate after
passivation with silicon nitride
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Fig. 6. SEM image of an "air bridge"
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Fig. 7. Main stages of the engineering route of MIC’s "face" part fabrication
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Fig. 8. Fabricated 8—12 GHz PA MIC chip
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Fig. 10. Centimeter-range PA’s MIC’s out power and amplification
factor dependence on input power at the supply voltages from 20 to 50 V
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Fig. 12. Appearance of millimeter-wave PA MMIC
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Fig. 13. Appearance of LNA MMIC with an integrated receiving antenna

. 14.      

Fig. 14. Appearance of a receiving signal converter’s MMIC
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Fig. 15. Appearance of a transceiving signal converter’s MMIC
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This paper presents a technology for manufacturing of the monolithic integrated circuits based on gallium nitride. This technology
includes such basic steps as formation of the mesa-isolation; formation of the ohmic contacts to a heterostructure (it ensures formation
of the resistors, the bottom capacitors' plates and inductors); formation of Schottky gates to a heterostructure; the gates’ passivation; for-
mation of the capacitors' dielectric; formation of the first-level metallization and the top capacitors' plates; formation of the electrical
connections in the form of "the air bridges" and common ground; grinding of the wafers; dicing (cutting of wafers into crystals); screening
test (sorting out); planting crystals on a heat sink. The ohmic contacts were formed using the non-alloyed technology with a highly doped
growth of GaN under the ohmic contacts. It ensured a smooth surface and a low value of the specific contact resistance of the ohmic
contacts, equal to 0.15 •mm. Schottky T-gates were formed with 0.14 m and 0.25 m lengths for the centimeter and millimeter fre-
quency bands. The formation of a common ground was performed from the face side through a non-conductive layer of a polymer di-
electric. The monolithic integrated circuits of the power amplifier, the low-noise amplifier, the voltage controlled oscillator and the in-
termediate frequency amplifier were manufactured with the use of this technology. Their specifications correspond to the world-class level.

Keywords: gallium nitride, monolithic integrated circuit, power amplifier, low noise amplifier, technology, process route, process
step, field effect transistor, ohmic contacts, Schottky gate, electrical connection
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Introduction

Electronic devices of commercial and military purpose
should meet extremely strict requirements, as regards their
performance and efficiency. This condition results from the
action of many factors, from problems with the necessary
thermal conditions provision to the energy saving require-
ments to a system as a whole. High-efficiency microwave
monolithic integrated circuit (MMIC) application makes it
possible to reduce the mass of equipment, as compared to that
of the systems with waveguides, to increase the system’s vi-
bration resistance, and to facilitate the adjustment (by using
standard discrete amplifiers) [1].

Centimeter- and millimeter wavelength ranges are prom-
ising as regards their versatile applications such as high-duty
point-to-point telecommunications links of the capacity of
140/155 Mb/s; trunk connections with the frequencies within
the range of 7.9 to 8.4 GHz; radar systems, including syn-
thetic-aperture radars; electronically scanned arrays and ac-
tive phased antenna arrays; navigation and communications
systems’ equipment; simulators and testing equipment.

Analysis of both the state of affairs in centimeter- and mil-
limeter-range monolithic integrated circuit (MIC) develop-
ment in foreign countries and the experience of the Institute
of Ultra-High Frequency Semiconductor Electronics RAS
(IUHFSE RAS) obtained in the course of R & D works car-
ried out in the recent years [2—5] has led the authors to the
conclusion about the necessity to research the possibility to
optimize some technologic stages of fabrication of transistors
and circuits based thereon. It has been planned to introduce the
non-alloyed ohmic contact technique, to optimize Schottky
gate profile and to provide a common ground at a crystal’s
front side, which has not been realized in GaN-based MMIC
fabrication in Russia.

To fabricate pilot MIC samples, the domestic AlGaN/
AlN/GaN HEMT heterostructures on sapphire- and silicon
carbide substrates from Elma-Malakhit JSC were used.

At MIC fabrication, the passive and active elements of the
circuit ensuring MIC layout realization for a specified fre-
quency range are fabricated within a single technologic cycle.
On a device fabrication, a technology route is designed that
comprises sequential technologic operations. Additionally,
some technologic operations can be united into a group of op-
erations responsible for the fabrication of a part of future de-
vice’s elements.

In the course of GaN-based MIC fabrication, it is necessary
to realize the main formation stages: device mesa isolation; fab-
rication of a non-rectifying (ohmic) contact to the heterostruc-
ture that will ensure resistors, capacitor’s bottom plates, and in-
ductors fabrication; fabrication of a rectifying contact to the
heterostructure (Schottky barrier gate); the gate’s and capaci-
tor’s dielectric passivation; first layer and capacitor’s top plates
metallization; making electric component connectors in the
form of "air bridges" and a common ground; wafer backgrind-
ing; wafer dicing; screening (rejection); chip planting onto a
heatsink. Successive realization of the above operations is the
necessary condition for serviceable MIC fabrication.

Let us consider the features and purpose of each of the
main stages of a centimeter- and millimeter frequency range
GaN-based MIC fabrication. Also, it should be pointed out
that optimization of ohmic contact fabrication and passiva-
tion processes will reduce parasitic resistances’ and — capac-
itances’ effects on the frequency characteristics of the future
MIC [6]. Schottky contact fabrication stage is responsible for
the microwave transistors’ frequency characteristics and for
those of MICs based on these transistors [5].

Device mesa isolation fabrication 
for gallium nitride based MICs

Mesa isolation fabrication implies the creation of a struc-
ture on a heteroepitaxial plate with conductive (active) and
nonconductive layers by etching the heterostructure surface.
The purpose of the operation is to separate the individual ac-
tive areas intended for a device fabrication to avoid the elec-
trical contact between the units and circuit’s elements.

Two groups of methods, "wet" and "dry" ones, are used for
mesa-shaped isolation formation. To realize this stage, the
following technologic operations are to be performed: mesa
image photomasking, semiconductor etching, photoresist
mask removal, and etch depth control.

The "wet" method implies using liquid solutions for chem-
ical etching the semiconductor surface areas free from a pho-
toresist film. The "wet" method is easy and does not require
any complicated equipment. The method, though, is not very
popular for dealing with AlGaN/GaN heterostructures, since
it is difficult to find solutions capable of chemical etching the
semiconductor with a very strong chemical bond in GaN.
Photostimulated electrochemical GaN etching has been re-
ported [7], but the method is strongly dependent on many
factors and poorly reproducible. For this reason, "dry" etching
methods are more popular. For AlGaN/GaN heterostructure
"dry" etching, we used plasma chemical etching in inductively
coupled plasma (ICP). The use of ICP provides for a higher
ion density, this ensuring an increase in the etching rate at a
low power consumption. To etch AlGaN/GaN hetero pair,
they usually use the mixture of Cl2, BCl3, and Ar. This com-
bination ensures rather high etching rates.

At GaN-based heterostructure field-effect transistor man-
ufacture, the typical mesa isolation depth makes 20.0 to
30.0 nm. The semiconductors used (AlGaN and GaN), as well
as the substrates for their epitaxial growth (Al2O3 and SiC),
are the materials transparent in the visible spectrum. At the
mentioned typical "mesa" depth, it is difficult to realize con-
tact photolithography of the ohmic contacts because of the
difficulty in photomask alignment with the topologic image of
the isolation patterned on the wafer. In this connection, we
decided to form mesa isolation of increased depth (about
80.0 nm). In this case, there was no need for high etching
rates: 20.0 to 30.0 nm/min rate was quite sufficient. This rate
was achieved on SI 500 plasma chemical etching installation
with the use of BCl3 + Ar medium. Boron trichloride is used
as the chemically active medium, while the role of Ar is the
discharge maintenance in a chamber and, to some extent,
participation in the etching process. The use of the photoresist
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mask in the plasma chemical etching process imposed addi-
tional requirements: the necessity of heat removal from the
whole area of the semiconductor wafer to avoid the photoresist
film overheating, which may lead to changes in the mask ge-
ometry and subsequent complication of its removal. The instal-
lation comprises a cooling system, that is, the blow-off of the
backside with a helium flux, but it turned out to be insufficient
for compensation of the overheating at a long-standing process.
To remove the heat the decision was taken to divide the etching
process into successive stages with pauses between them.

The use of a medium consisting of BCl3 (30 sccm) + Ar
(50 sccm), the gas pressure of 8 Pa, and the 170 V bias applied
to the bottom electrode resulted in etching rate maintenance
at the level of about 25.0 nm/min. The etching process was
realized in cycles: 30 s of etching — a 1-min pause. The
number of cycles was selected depending on the depth of the
"mesa". Since the heterostructures used did not possess a pro-
tective layer, before the start of the process the heterostructure
was coated with a thin layer of Si3N4, which played the role
of a protective barrier for the heterostructure. Prior to mesa
isolation etching, the thin dielectric film is removed from the
heterostructure’s etching windows with fluorine-containing
plasma on the same SI 500 plasma chemical etching tool.

To summarize, to form mesa isolation for AlGaN/GaN
heterostructures, the following technologic operations were
carried out: semiconductor’s etching windows photomasking,
thin dielectric layer removal by plasma chemical etching,
semiconductor plasma chemical etching, photoresist mask re-
moval, and etch depth control.

Electrical testing of the mesa isolation at the etched sites
of the semiconductor is carried out after the ohmic contacts
to the heterostructure are fabricated. Testing is realized using
a special paste for isolation quality  control (the image of the
paste is provided in the fig. 1). Leakage current vs. voltage plot
is built for the specific kind of paste.

Fabrication of ohmic contacts to gallium nitride-based 
heterostructures

At the stage of the ohmic contacts to a field-effect micro-
wave transistor (FEMT) fabrication, the minimum contact
resistance to the heterostructure and the manufacturability of
further operations should be ensured. Contact resistance
grows with an increase in the heterostructure’s band gap (Eg)
width. To make an ohmic contact to n-GaN, they mostly use
Ti-based multicomponent contacts, whose thermal treatment
yields compounds with a low work function. The low resist-
ance of the metal-GaN contact is usually believed to be due
to nitrogen’s vacancies formation as a result of GaN interac-
tion with the contact material, for instance, with Ti. The use
of Ti/Al-based multicomponent contacts followed with ther-
mal treatment provides for the specific contact resistance to
Al Ga1 – N, of about 0.5...0.6 •mm, taking into account
that ohmic contact high-temperature annealing at 750...900 °
leads to changes in contact metallization’s edge and relief.

Low contact resistance provision without the high-tem-
perature treatment and with the relief preservation is possible
via an ohmic contact fabrication to highly doped GaN.

Thus, there are two types of technologies available for
ohmic contacts to AlGaN/GaN heterostructures fabrication:
alloyed and non-alloyed technologies [8].

For GaN-based MMIC fabrication, the non-alloyed con-
tact formation technology was used. The alloyed technology
for ohmic contacts to nitride Si/Al-based heterostructures has
also been developed at IUHFSE RAS as the alternative meth-

od provided the necessary equipment for the non-alloyed
contacts formation may be absent [9, 10].

The both technologies for ohmic contact formation in the
process of GaN-based MMIC fabrication are described below.

Si/Al-based alloyed ohmic contacts to gallium nitride

Metal-semiconductor contact formed using high-temper-
ature rapid thermal annealing (RTA) has been called the "al-
loyed ohmic contact"; it has been used in the first works on
microwave FETs on AlGaN/GaN heterostructures.

It is possible to distinct two main stages in the process of
alloyed contact to AlGaN/GaN heterostructre fabrication:

selection of a method for ohmic contact to AlGaN/GaN
heterostructure metallization;

selection of a thermal treatment technique: temperature,
annealing duration, and heating curve. The annealing is
carried out in an inert medium.

Classical metallization systems based on Ti/Al are the ones
widely used in the alloyed ohmic contacts to AlGaN/GaN het-
erostructures. Titanium- and aluminum nitrides formation
leads to nitrogen vacancies appearance at the contact bound-
ary of the semiconductor, but the process requires treatment
at elevated temperatures (over 800 °C). Moreover, the work
function of TiN is low, which results in ohmic contact resist-
ance reduction. Titanium’s and aluminum’s liability to oxida-
tion, though, implies the use of an anticorrosion layer of Au.
Besides, the products of Al-Au interaction usually are formed
at the contact boundary, this increasing the contact resistance
and deteriorating the post-anneal surface morphology. The
existence of these difficulties suggests the need for a barrier lay-
er preventing both Al diffusion toward the top Au layer and easy
Au diffusion toward the semiconductor. Unfortunately, at high
temperatures, the barrier layers of these metals were demon-
strated to break into separate small fragments, thus offering gaps
for the metals diffusion through the barrier layer [11].

To improve the morphology, the ohmic contact thermal
treatment temperature was lowered to 675...725 °C, this leav-
ing unchanged the low contacts’ resistance value. To fabricate
low specific resistance Ti/Al/Ni/Au ohmic contacts using the
traditional metallization technique, annealing is carried out at
temperature over 800 °C, at which the necessary thickness of
TiN layer is achieved [12]. To decrease the annealing tem-
perature and to reduce the contact resistance, a thin layer of
Si is introduced into the metallization system before the first
Ti layer. The silicon layer is intended to act as a dopant [13].
Annealing realized at a temperature below 700 °C, the pres-
ence of the contact Si layer in the Si/Ti/Al-based composi-
tion provides for titanium silicides (TiSix), but not titanium
nitride (TiN), formation [14]. 

So, the Ti layer was excluded from the metallization struc-
ture, because the role of Ti has changed: instead of nitrogen
vacancies formation, reduction of Si impurity atoms concen-
tration in the composition takes place.

Thus, for alloyed ohmic contact fabrication, the following
technologic operations should be fulfilled. After mesa isola-
tion etching, the contact composition of the ohmic contact
alloyed metallization is applied onto the AlGaN/GaN heter-
ostructure through a two-layer system. The metallization is
performed by the thermal resist method in vacuum containing
Si (7.5 nm) — Al (50 nm) — Ti (25 nm) — Au (50 nm). Prior
to the metallization deposition, oxides are removed in
HCl:H2O solution. After that, thermal treatment of the met-
allization is carried out under nitrogen, this followed with
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metallization layer formation over the ohmic contacts and on
top of the other parts of the heterostructure, in order to create
the circuit’s topological elements and the alignment markers
for electron-beam lithography (EBL) of Schottky barrier
gates. Ti/Au metallization is deposited by the thermal resist
method in vacuum with the two-layer photoresist system.

The use of the alloyed Si/Al-based composition made it
possible to improve the morphology of the ohmic contacts
and to obtain contacts with the specific contact resistance val-
ues equal to those of the contacts produced using Ti/Al-based
compositions (0.35 •mm). Also, the ohmic contact com-
position ensures the insignificance of changes in specific con-
tact resistance within a wide range of annealing temperatures,
this enhancing the ohmic contact thermal treatment process-
ability and reproducibility as compared to those of composi-
tions based on Ti/Al [9, 10].

Non-alloyed ohmic contacts to gallium nitride

The most popular technology for the manufacture of non-
alloyed ohmic contacts to AlGaN/GaN heterostructures is
that of highly doped GaN epitaxial regrowth in windows for
the ohmic contacts with a preliminary formed mask [15]. The
essence of the approach consists in a dielectric mask forma-
tion on a heterostructure, then ohmic contact-intended win-
dows formation in the dielectric, n+-GaN epitaxial growing,
the dielectric mask removal, and, finally, the contact’s metals
sputtering onto n+-GaN. In some versions of the technique,
before the epitaxial growth, the plasma chemical treatment
goes deeper through the dielectric mask, down to the two-di-
mensional electron gas (2DEG) level. Schematically, the for-
mation of non-alloyed ohmic contacts with regrown n+-GaN
is presented in the fig. 2.

Owing to the Si admixture, the degeneracy of semicon-
ducting GaN occurs, the latter staying in the direct contact
with the 2DEG region. Gallium nitride doping is carried out
via deposition using a molecular Si source situated in the
growing chamber. It is important to select the dopant con-
centration in the deposited GaN. On the one hand, increasing
the concentration of Si (behaving as a donor admixture) pro-
vides the opportunity to increase the concentration of elec-
trons and to reduce the contact’s resistance. On the other
hand, an excessive increase in Si concentration leads to a de-
crease in contact’s conductivity, and Si atoms distribution
over GaN volume becomes nonuniform, this resulting in ad-
ditional defects and conglomerates formation.

The technology with highly doped GaN regrowth by mo-
lecular-beam epitaxy (MBE) was chosen for MMIC realiza-
tion, since it does not involve either the plasma chemical ac-
tion upon AlGaN barrier layer at fabrication of contacts to the
highly doped protective layer, or the high-temperature (over
1000 °C) activation before contact metallization. The dielec-
tric coatings formed for the growth mask creation serve the
protective layer for the active regions of the heterosructure.

Advantages of the non-alloyed ohmic contacts to the
AlGaN/GaN are their good reproducibility (the resistance
depending mostly on doped GaN); good contact’s morphol-
ogy determined only by the roughness of the metallized sur-
face and the man-made defects of the metallization; low re-
sistance. The drawback of the method is the necessity to use
the expensive high-technology equipment.

The introduction of the technology of non-alloyed ohmic
contacts to AlGaN/GaN heterostructures provided the op-
portunity to avoid the disadvantages of classical alloyed con-
tacts. Using the non-alloyed contacts, one can avoid the high-

temperature thermal treatment of a metallization formed on
the semiconductor.

Highly doped GaN deposition was carried out on the het-
erostructure with AlGaN/AlN barrier layer. For masking the
structure’s surface, the two-layer dielectric system Si3N4/SiO2
[16] was used. The dielectrics were deposited by the plasma
chemical method on the Plasmalab System 100 tool from Ox-
ford Instruments Company with an inductively coupled plas-
ma (ICP) source. Silicon nitride (Si3N4) was deposited from
N2 (10 sccm) + SiH4 (12 sccm) gas mixture under the pres-
sure of 8 mTorr, and ICP power of 800 W. Si3N4 deposition
was carried out prior to the device mesa isolation. Silicon ox-
ide (SiO2) was deposited from N2O (23 sccm) + SiH4 (6 sccm)
gas mixture, under the pressure of 4 mTorr, ICP power of
500 W, at 300 °C. After that, the windows for contacts were
formed in the dielectric layer. This operation is usually called
"opening the contact windows". To open the windows, it is
necessary to form a mask of a material with etching rate lower
than that of the dielectric, the other conditions being equal.
Typically, the mask is formed on the photolithography area
and the process consists in the application of a photoresist of
needed thickness onto a working wafer with the dielectric,
alignment and writing the mask image for etching the dielec-
tric, drying the photoresist on the wafer, and, finally, the
mask development and hardening. After the photoresist mask
is formed, the working wafer etching is realized.

Etching the dielectric layers with the preliminary formed
photoresist mask is realized by the plasma chemical method
in the SF6 + O2 gas mixture on SI 500 installation.

After the removal of the photoresist mask, AlGaN- and
GaN plasma chemical etching is carried out with the formed
dielectric mask in BCl3 + Ar gas mixture on the same instal-
lation. AlGaN- and GaN etching is possible without photore-
sistive mask removal immediately after plasma chemical etch-
ing the dielectrics. Masking of this kind does not affect the
properties of the heterostructure surface and, when com-
bined with MBE, makes highly doped GaN growth selective:
the growth takes place only in the regions where the dielec-
tric mask was etched. Highly doped GaN deposition onto
the heterostructure with the formed dielectric ohmic contact
mask was performed in the MBE installation at 850 °C. In
the SEM image obtained after the growth (fig. 3), one can
notice that the growth occurred only in the preliminary
formed windows. After the highly doped GaN deposition,
the dielectric mask is removed in the buffer etchant solution
(HF:NH4F: 2  = 1:3:7). Ohmic contact metallization is
deposited onto the thus formed highly doped regions of
GaN. With this purpose, a two-layer mask is formed using
optical photolithography and the non-alloyed ohmic contact
Cr/Pd/Au metallization is realized by sputtering in vacuum
with the subsequent photoresist mask "explosion". The met-
allization system does not need thermal treatment. The se-
quence of operations fulfilled for non-alloyed ohmic contact
fabrication is presented in the fig. 4.

The use of the technology of fabrication of non-alloyed
ohmic contacts to AlGaN/GaN heterostructure made it pos-
sible to eliminate the high-temperature treatment from the
GaN-based MIC fabrication procedure and thus enabled us
to preserve the high-quality contact relief for further techno-
logic operations and also to obtain the ohmic contacts with
the specific resistance of 0.15...0.2 •mm, this being a world-
level achievement. Moreover, metallization of the ohmic
contacts and alignment markers for EBL of Schottky gates are
realized in a single metallization operation.
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Formation of a gallium nitride based rectifying contact 
(Schottky gate) to heterostructures

As is generally known, the microwave parameters of
modern field effect microwave transistors on heterotransi-
tions are determined mostly by the gate’s parameters [17].
For example, the current-amplification cutoff frequency var-
ies inversely as the gate length Lg as ruled with the formula
ft = Gm/2 Ggs  Ves/Lg, where Gm stands for transconduct-
ance, Cgs for gate-source capacitance, and Ves for electron
drift velocity. For centimeter-range transistors, it is necessary
that Lg be less than 0.25 m. At the same time, according to
the Fukui formula, the noise factor can be represented as
F0 = 1 + Kl fLg , where Kl is the compensating
factor and Rg and Rs are the gate’s and source’s resistance val-
ues, respectively. From this expression, one can estimate the
requirements to the gate cross-section: provided Rg = gWg
and Rs = s/Wg, where g and s are the specific resistance
values ( •mm) of the gate and source, respectively, and Wg
is the gate width, and under the assumption that Rg = Rs for
the optimal transistor, we will obtain g = s/ . So,

s = 0.2 •mm and Wg = 20 m will produce g = 500 •mm.
From here it follows that in the case of usual metallization of
the total thickness of 0.6 m, the gate cross-section should not
be less than 0.4 m2. For lower frequencies, the wider tran-
sistors are used; consequently, the gate cross-section should
be even bigger. It is evident, that a small gate length and a big
cross-section can be obtained simultaneously only if the gate
has a mushroom-like (or a T-like) shape. For this reason, why
the task of fabrication of a mushroom-like gate set containing
the gates of various lengths, to provide a wide spectrum of
possible frequencies of microwave transistors and circuitry
based thereon becomes topical.

Thus, fabrication of MIC amplifiers for a specific frequen-
cy range is determined by the choice of a semiconductor ma-
terial and gate geometry.

Mushroom-shaped gate fabrication consists of the follow-
ing key operations:

electron-beam lithography formation for the gate’s profile;

gate metallization application;

"lift-of" process of the e-beam resist.

Let us consider the stage of a mushroom-like profile fab-
rication in the resist.

After the dehydration on a hotplate at 120 °C for over 15
to 20 min, a multilayer e-beam resist system was applied onto
the wafer via whirling and intermediate drying on the hot-
plate. The system consists of PMMA950K/PMGI/Copoly-
mer/PMGI/PMMA950K layers of the total thickness of
1.3 m. The sequence and thickness of the layers were opti-
mized as for the independent exposition and controlled de-
velopment of the mushroom-like profiles with the lower part
size from 0.1 to 0.25 m, depending on the GaN-based MIC’s
frequency range.

The prepared wafer was exposed in Raith150-TWO
e-beam lithography writer. The upper regions of the gates
(width 0.8 m) and the gate contacts were exposed first (the
first exposition). After that, three upper layers of the resist
were sequentially developed in the appropriate developers
(MIBK:IPS 1:1, 101A, and MIBK:IPS 1:3, respectively).

Then, the second exposition was carried out to form the
lithography for the gates’ "sublegs" of the needed nominal di-
mensions and dose completion/addition on the gates’ con-
tacts. Further two underlayers of the resist were developed.

As a result, a mushroom-like profile of the developed ar-
eas was formed in the resist. Afterwards, the photoresist ox-
ygen-plasma stripping at the bottom of the developed regions
was carried out in the plasma chemical deposition system
PKhO-001T (2 min in horizontal position).

After the oxygen-plasma stripping, the necessary gate met-
allization was applied in a thermal vapor deposition system.
Layers of Ni (60 nm) and Au (540 nm) were sputtered sequen-
tially from tungsten boats. The metallization was "exploded" in
acetone and dimethyl formamide (DMF), the latter acting as a
solvent for poly (methyl glutarimide) (PMGI) layers. After rins-
ing the wafer in deionized water, it was passivated with the two-
layer Al2O3/Si3N4 dielectric of required thickness.

Gate passivation and capacitor dielectric fabrication

Passivation is conducted in two stages: first, a dielectric
film deposition onto the whole wafer area and, second, the di-
electric film etching with a photoresist mask.

After the gate formation on the wafer, it was necessary to
coat the wafer surface with a passivating dielectric to protect
it from the environment and to reduce the skin effects. A di-
electric is also used in fabrication of passive elements like ca-
pacitors. We have used the two-layer system of alumina
(Al2O3) deposited by the atomic layer method at 300 °C and
silicon nitride (Si3N4) obtained by plasma-enhanced chem-
ical vapor deposition with ICP in the Plasmalab System 100
tool. The dielectric deposition was realized in monosilane
(SiH4, 12 sccm) mixture with nitrogen (N2, 11 sccm), with
the inductively coupled plasma source power of 800 W, under
the pressure of 8 mTorr, and at the temperature of 300 °C. In
these conditions, the dielectric thickness was provided that
was needed for the capacitors’ capacity meet the requirements
specified for MICs under development. To ensure the re-
quired deposited substance migration over the surface, the
substrate temperature was 300 °C.

It should be pointed out that the film quality strongly de-
pends on many deposition parameters such as the kind of re-
actor, gases used, substrate’s material and temperature, pres-
sure in the chamber, microwave power, distance between the
electrodes, partial pressure of the reagents, pump speed, and
the electrodes’ material and geometry.

And so, to obtain films of desired quality, it is necessary
to solve a multicriterion problem. As a rule, the dielectric
deposition parameters are adjusted until the produced dielec-
tric film meets the necessary requirements.

While in a case of semiconductor’s surface passivation on-
ly the plane of the semiconductor should be coated with a di-
electric, at gate passivation, good conformity is to be ensured
for the dielectric film to cover evenly the top and the un-
derneath of a mushroom-shaped gate’s "hat". The atomic
layer deposition of dielectric films provides for the necessary
conformity and requires thin layers about 10-nm thick to be
deposited for the surface passivation. To ensure the capac-
itors’ parameters (breakdown voltage- and capacitance val-
ues), Si3N4 layer of the needed thickness (usually of the order
of 0.1...0.3 m) is deposited over the Al2O3 layer. A micro-
photography of a sample of a gate with Lg  250 m obtained
after the passivation is presented in the fig. 5.

After the continuous dielectric film fabrication, they pro-
ceed to a photoresist window mask formation for plasma
chemical removal of the dielectric from the wafer, except
from the regions of active domain passivation and those of the
future capacitors fabrication. The plasma-originating medium
in the reactor should provide for the necessary etch rate, -se-
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lectivity and — anisotropy. It is well known that fluorine-con-
taining gases are used for etching silicon and its compounds:
these gases are mostly halogen-containing carbon compounds
known under the DuPont brand name "Freon". The draw-
backs shared by the members of this group of etchants are the
possibility of toxic compounds formation in the course of
etching, propensity to polymerize, and the possibility of ele-
mental carbon formation on the surface under treatment (par-
ticularly true for the simple representatives of the Freon fam-
ily). To suppress two last effects, they often add oxygen to a
working gas. From the other fluorine-containing gases, atten-
tion is to be paid to sulfur hexafluoride SF6; the use of this gas
makes it possible to reach a high etch rate without the hard
products of the initial gas decomposition deteriorating the
surface. Pure fluorine is practically never used because of its
high toxicity and chemical activity, as regards the structural
materials of the technological equipment.

To etch the two-layer dielectric, the plasma chemical
etching system SI 500 was used; for Si3N4 etching, SF6
(15 sccm) + O2 (4 sccm) medium under the working pressure
of 6.2 Pa was applied, ICP source power was 200 W. For the
subsequent etching with the same Al2O3 photoresist mask,
BCl3 (7 sccm) medium with Ar (14 sccm) was used under the
working pressure of 1 Pa, ICP source power of 800 W, and the
microwave power of 20 W. One should keep in mind that to
be quite sure if the dielectric stripping via plasma chemical
etching is complete, a little "over-etch" is necessary.

The "over-etch" is needed because of:
nonuniformity of the dielectric layer thickness over the
substrate (10 % of thickness);
nonuniformity of the dielectric etch rate (5 % of thickness).
When the passivation is completed, the photoresist mask

is removed from the plate and the lithography for the "explo-
sion" is made for the first metallization layer fabrication.

So, the following technologic operations should be per-
formed for the gate passivation and capacitor’s dielectric fab-
rication: Al2O3 film layering by the atomic-layer deposition;
Si3N4 film plasma chemical deposition; photolithography of
passivation windows and future capacitors; Si3N4 and Al2O3
layers sequential plasma chemical etching; photoresist mask
removal.

In the domain between the ohmic contacts the only Al2O3
layer is enough for the gate passivation, and this is also the
way to minimize the gate-drain/source parasitic capacitances.

The use of SiNx/AlGaN/AlN/GaN heterostructures, when
SiNx passivation layer in situ deposition is carried out after the
structure growth directly in the growing chamber, makes it
possible to use the dielectric as a Schottky gate passivator. For
the structures of that kind, the task is the dielectric removal
from the region of the gate fabrication. For transistors with
Schottky gates fabricated via SiNx dielectric growth in the
same growing chamber with the heterostructure no additional
passivation is needed. The in situ use of SiNx promotes an in-
crease in the majority carrier concentration, due to the charge
neutralization at the surface via passivation; it also favors re-
laxation reduction and a decrease in the number of defects
and in the AlGaN surface roughness. Besides, the in situ SiNx
film serves as the surface protective layer [18]. After the gate
fabrication, dielectric deposition is necessary only for MIC’s
capacitors fabrication. The mentioned passivation is used in
the alloyed ohmic contact technique, since in the non-alloyed
technique the passivating in situ SiNx layer is weared away in
a liquid etchant along with the dielectric mask for highly
doped GaN growing.

First metallization level and capacitors’ top plates 
fabrication

After passivation fabrication, a two-layer photoresist mask
is created on the wafer, after which the wafer substrate is
stripped and subject to metal deposition.

Stripping is carried out directly before the deposition oper-
ation in the plasma chemical etching system SI 500 in Ar me-
dium (50 sccm) under the pressure of 2 Pa in the combined re-
active ion etching (RIE) mode in ICP. Bottom electrode bias
was 50 V. To avoid the photoresist mask overheating, the proc-
ess was realized in a cyclic mode. A cycle comprised 20-s etch-
ing under Ar and a 3-min pause. The cycle was repeated
4 times. Stripping prior to vacuum deposition provides for bet-
ter metal-to-metal adhesion. After stripping, the wafer is placed
into an installation for thermal resist vacuum deposition, where
Ti (50 nm)/Au (500 nm) metal layers are deposited, titanium
forming the adhesion layer and gold serving the contact mate-
rial. After the deposition, the photoresist is "exploded" and the
necessary measurements are conducted in testing modules.

Electrical component interconnects fabrication
in the form of "air bridges"

The second metallization level interconnecting the ele-
ments on a substrate is performed in the form of "air bridges".
Taking into account that the total bridge thickness should be
3 m (gold plate thickness is 2.3 m), it is extended by the
gold plating. First, a photolithography of a bridge resist de-
termining the bridge’s height is created, after which the pat-
terned photoresist is subject to thermal treatment, this leading
to photoresist edges fritting and formation of a mildly sloping
margin necessary for metal seed layer continuous sputtering.
After that, Ti/Au/Ti (50 nm/500 nm/20 nm) seed layer was
sputtered by the thermal resist method. To enhance the adhe-
sion, prior to the seed layer sputtering, stripping is performed
in Ar in the plasma chemical etching system SI 500 following
the procedure described above. Photolithography for gold-plate
building-up is made over the seed layer. To form a gold buildup,
the gold-plating system Valenza 2400V2 was used under a hood.
The unnecessary regions of the seed layer on the photoresist
were removed by wet chemical etching (WCE). The final op-
eration of "air bridge" formation was stripping the resist from
under the bridge regions of the substrate wafer.

Thus, the interlayer isolation is achieved using 2- m high
and 3- m thick "air bridges". The image of an "air bridge" is
presented in the fig. 6.

Fabrication of electrical interconnects
for a common ground provision

For common electrodes (mostly the ground ones) they use
coplanar strips, a common bottom electrode on the backside
of the substrate, or an additional electrical connection level
over the isolation layer on the face of the substrate.

In the course of development of AlGaN/GaN heter-
ostructure-based MICs on SiC and Al2O3 substrates for cm-
and mm wavelength ranges, it has been shown by the prelim-
inary research that creation of MICs of this type on the basis
of coplanar technology would be rather difficult, taking into
account problems with making stable the systems of this sort
and the existence of frequency-dependent phase incursions in
common conductors/wires. It shows already at amplification
enhancement and increasing the output power of power am-
plifiers’ (PAs’) MICs. Foreign producers use mainly the micro-
strip technology for AlGaN/GaN heterostructure-based MIC
fabrication, which implies through holes etching in the sub-
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strate. This is associated, though, with considerable techno-
logic difficulties. Finding a solution to the problem can be, to
some part, facilitated by passage to the heterostructures on sil-
icon substrates, but these heterostructures are being studied yet.

As a result, a design- and engineering solution to the prob-
lem was found; it consisted in creation of a ground plane
above the face of a wafer bearing the ready-made active and
passive microwave components over the 10- to 15- m thick
polymer dielectric layer (a photo lacquer developed at the In-
stitute of Macromolecular Compounds RAS). The corre-
sponding elements are grounded through the holes in the pho-
to lacquer layer. At the same time, the photo lacquer plays the
role of protective passivation. The lacquer is a composition
comprising a precursor of a highly thermostable polymer (an
analog of a polyimide) and a photosensitive component of
type quinone diazide used in ordinary FP 383 and FP 051
positive photoresists. Photo lacquer application does not re-
quire any special equipment. It can be used in a standard li-
thography system with an arc mercury lamp.

A pattern for the additional electrical connection layer
providing the common ground and the whole circuit protec-
tion has been developed, taking into account recommenda-
tions of the photo lacquer developers.

The first photo lacquer layer is applied by whirling onto a
substrate with the ready circuits; after that, blanket exposure
and hardening are performed stepwise in a static furnace un-
der nitrogen: 15 min at 150 ° , 15 min at 200 ° , 15 min at
250 ° , and 30 min at 350 ° . In this way, the first adhesion
2- m photo lacqeur layer is formed. Relief blanket exposure
without a pattern/mask is necessary for the photosensitive
component decomposition, or, upon the fabricated microrelief
thermal hardening, film swelling might occur or holes (fish
eyes) might appear because of photosensitive compound de-
composition with nitrogen release at hardening temperature.

After that, two lacquer layers are applied again (also by
whirling) to fabricate the isolation layer of needed total thick-
ness (12 to 15 m). Photo lacquer alignment/registration and
exposure is realized on the precision contact photolithogra-
phy system SUSS MJB4 IR. The development is carried out
using 0.3 % aqueous solution of potassium hydroxide. Next,
stepwise hardening is conducted in the inert nitrogen medium
following the procedure described above.

Complete sputtering of the photo lacquer surface bearing
the fabricated relief with Ti/Au (50 nm/500 nm) metallization
is realized on a system for vacuum deposition by the thermal
resist method. Sputtering is preceded with photo lacquer win-
dows plasma chemical stripping, in order to remove the lower
hardened adhesion layer. Stripping is carried out on SI 500
plasma chemical etching system in O2 medium, with subse-
quent control with an optic microscope. Thus, the common-
ground electric contact lying on a nonconductive material
and interconnecting the electrodes through the windows in
the photo lacquer layer is fabricate.

Over the sputtered metal, a photolithography is made to re-
move excess metallization on the photo lacquer surface. Using
this photolithographic mask, the unprotected metallization is
removed by wet chemical etching. The fabricated pattern of the
"top ground" metallization is thickened via gold plating. To re-
move the photo lacquer dfrom the "cutting/dicing" lines and
contact pads, the photo lacquer is etched plasma chemically
with the fabricated metal mask in O2 medium on SI 500 system.

After the electrical interconnect fabrication, the route of
the GaN-based MIC’s "face" part fabrication is finished. This
operation is followed by the wafer’s backside chemical me-

chanical polishing in Logitech PM5 system, dicing by con-
trolled laser thermal cleavage, irregular dies rejection, and
planting onto a heatsink using a thermal interface. The main
stages of the engineering route of MIC’s "face" part fabrica-
tion are presented in a diagram form in the fig. 7.

Realization of GaN based MIC fabrication technology
in topological solutions for cm- and mm frequency ranges

The above production technology has been introduced at
IUHFSE RAS and used for fabrication of a wide range of
MICs for various frequency ranges up to 70 GHz [19—25].

In particular, a single-stage 8—12 GHz power amplifier
(PA) is designed and fabricated. There are certain difficulties
in single-stage PA development related to the circuit stability
and necessity to achieve high gain- and power performances
of the single cascade. In this respect, the cascode configura-
tion of transistor connection possesses the unique capabilities
and the configuration is especially promising in GaN tech-
nology. Among the cascode configuration’s advantages are an
increase in energy efficiency and reduction of power con-
sumption. As far as we know, a GaN-based MIC of this con-
figuration has not been earlier fabricated in Russia.

The outlook of the fabricated PAs MICs chip after all man-
ufacture operations is presented in the fig. 8. The transistors’
gate length is 0.25 m with a total width of 6.4 mm. The am-
plifiers are fabricated on a AlGaN/AlN/GaN heterostructure
on a sapphire substrate. Chip dimensions are 1.57  1.71 mm.
For measurements conduction, the samples were mounted
on a heatsink into the accessory shown in the fig. 9. Output
power measurements were carried out in the pulsed power
mode: at pulse duration of 1 s, the off-duty ratio equal to
100, and the supply voltage up to 50 V. At the supply voltage
of 50 V, the linear output power (Pout) reaches 3 W, this
corresponding with 34.8 dBm, in accordance to the formula
PdBm = 10•log10 (PmW). The current consumption is below
0.8 , the gain (KP) is about 15 dB (fig. 10).

Development of MMICs set with the working frequencies
of 57-64 GHz on a sapphire substrate [26—30] is an example
of the above production technology application in the mil-
limeter wavelength range. The set comprises a voltage-con-
trolled oscillator (VCO), a balanced mixer, a millimeter-wave
amplifier, an intermediate-frequency amplifier (IFA), and an
antenna. Besides, the amplifiers with integrated receiving and
transmitting antennas are fabricated, as well as versatile re-
ceiving and transceiving signal converters comprising VCO,
mixer and IFA (system-on-chip) (fig. 11—15). As far as the
authors know, this is the first time such multifunction gal-
lium-nitride signal converters chips on sapphire substrates
have been fabricated anywhere in the world.

Millimeter-wave amplifier’s MMIC may serve as a low-
noise amplifier (LNA) or a power amplifier, depending on the
bias. The amplifier has 4 stages. The gate length is 0.14 m.
At the small-signal mode, the gain is 15 dB or higher with the
noise figure of about 6 dB and current consumption of less than
100 mA (fig. 16). At large-signal operation in the pulsed power
mode, the output powerreaches 100 mW (20 dBm) with the
gain up to 20 dB and current consumption not exceeding
200 mA (fig. 17). The linear output power is 30—50 mW.

The output power of VCO is 30 to 40 mW. Frequency tun-
ing range more than 3 GHz. The oscillation frequency sta-
bility against the supply voltage is no worse than 200 MHz/V
at the supply voltage of 10 V (fig. 18).

Versatile receiving and transceiving signal converters
MMICs have typical conversion gain of plus 10 dB at the sup-
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ply voltage up to 10 V and current consumption below 150 mA.
The transmitting channel’s output power is 10 mW or more.

The MMICs of the mm-range amplifier and receiving sig-
nal converter were given the following reference designations:

LNA without an antenna: 5411UV01N;

LNA integrated with an antenna on a single chip:
5411UV01AN;

PA without an antenna: 5411UV02N;

PA integrated with an antenna on a single chip:
5411UV02AN;

signal converter MMIC comprising a mixer, VCO and
IFA on a single chip: 5411NS01N.

The directory page of the MMIC set is available at the
IUHFSE RAS homepage http://isvch.ru in the section "De-
velopments".

Conclusion

The use of GaN-based monolithic integrated circuits
technology made it possible to realize the engineering solutions
for centimeter- and millimeter wave PA, LNA, VCO and IFA
compartible to the foreign analogs with respect to their per-
formance. The gate length of T-shaped gates is 0.14 m for
mm-wave and 0.25 m cm-wave transistors.

The MICs can be used in car radars, radio locating de-
vices, and high-rate channels of ground-based and satellite
communications.

The research was supported by the Ministry of Education

and Science of the Russian Federation (Grant Agreement

no. 14.607.21.0011; the unique identifier of the Project:
RFMEFI60714X0011).
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Fig. 4. Dependence of the amplitude of the THz radiation on the energy of pumping of
a femtosecond laser for In0.38Ga0.62As sample with MB in a logarithmic scale. The insert

presents the given dependence in a linear scale
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Fig. 5. Equipment on the basis of a textolite board with PCA designed for the holder
with a focusing lens for measurement of the THz signals
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Fig. 7. Comparison of the experimental and theoretical VAC taking into
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Fig. 8. The calculated temperature dependences of operation of PCA on
the basis of LT GaAs (for Vb = 15 V) and In0.38Ga0.62As with MB (for

Vb = 10 V) on time at a continuous current with a heat sink and without it
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It was demonstrated that In0.38Ga0.62As was characterized by a high efficiency of the optical-THz conversion and by a broadband
spectra up to 6 THz. Rigging was developed with a photoconductive antenna (PCA) and a heat sink connected to a printed circuit board.
It was also demonstrated that the use of a heat sink reduced the temperature of PCA by 16—40 %. The PCA developed on the basis
of LT GaAs and In0.38Ga0.62As and with the dynamic range of intensity of 2—3 orders had the spectra of generation up to 3 THz.
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Introduction

Radiation of the terahertz ( Hz) range (0.1...10 Hz)
finds important applications in spectroscopy (detection of ex-
plosives and harmful gases), medicine (diagnostics of cancer
tumours), security, biology, etc. Besides, the automobile, avi-
ation and space industries require more efficient systems of
nondestructive control.

The photoconducting antennas (PCA) are promising
sources of the pulse and continuous THz radiation [1]. An op-
tical irradiation of the active area of PCA generates the pho-
toexited charge carriers in its photoconducting layer, which
are divided and accelerated by the electric field applied to the
contact electrodes of PCA. Division of the photoexited charge
carriers leads to appearance of a dipole moment, which is a
source of the generated THz radiation. Unlike other sources
of the THz radiation, the operating principle of which is based
on nonlinear optical processes, PCA can potentially ensure
high efficiency of the optical-THz conversion. As the photo-
conducting layer for PCA the low-temperature grown — LT
GaAs [2, 3] and InGaAs [4] are used. The former is applied
for creation of THz radiation sources for the optical pumping
of 800 nm, the latter allows us to work with a more long-
wave optical pumping within the range of 1.0...1.6 m [5].

The alternative sources of THz radiation are the photo-
conducting sources on the basis of the photo-Dember effect.
It consists in appearance of the electric field in a semicon-
ductor under the influence of the femtosecond optical pulses
on it, due to the difference in the coefficients of diffusion of
the electrons and holes [6], and it is not connected with the
influence of the embedded electric field. Due to a big corre-
lation of the diffusion mobilities of the electons and the holes
InxGa1 – xAs is a good candidate for creation of THz source
generation on the basis of the photo-Dember effect.

The work presents the results of ISVChPE of RAS in the
field of research and development of LT GaAs and InxGa1 – xAs
materials for x  0.4 and PCA on their basis for generation of
a broadband THz radiation.

Generation of THz radiation in LT GaAs 
and In0.38Ga0.62As

The samples of the structures for generation of THz radia-
tion were grown by the method of the molecule-beam epitaxy
( ME) on Riber 32P installation. As a substrate the plates of
semi-insulating GaAs were used. Since in In0.38Ga0.62As a
strong mismatch may occur on the parameter of a crystal lat-
tice with GaAs substrate, for growth of a photoconducting
material the stepped metamorphic buffer (MB) was used.
A schematic image of the design of In0.38Ga0.62As sample
with MB, and also the sequence of the growth processes are
presented in [7]. The thickness of In0.38Ga0.62As photocon-
ducting layer was equal to 1.0 m, the growth temperature
was 490 ° . For comparison reasons, a sample of LT GaAs
with the thickness of the photoconducting layer of GaAs of
0.75 m was grown on the alloyed buffer of n + GaAs with
thickness of 0.25 m, so that the total thickness of the active
layers was equal to the first sample.

The spectrum of THz radiation was determined by the time
form recorded by means of the time-domain spectroscopy —
TDS. Measurements were done in IAP of RAS. The optical
pumping was carried out by the pulse radiation of a Ti:S laser
with the wavelength of 800 nm and duration of 50 fs (energy
of the pulses was equal to 800 J, the frequency of their se-
quence — 1.0 kHz, diameter of the beam — 7.0 mm) [8].

The time dynamics of the photoexited charge carriers for
In0.38Ga0.62As with MB was investigated by means of the
"pumping-probing" scheme in the geometry of the light re-
flection from the surface of a sample at the room temperature.
The results of the measurements are presented in fig. 1. The
pumping was carried out by means of a femtosecond laser
with two different fluences with the energy of 45 and 580 J.
Exponentially, by approximating the time component corre-
sponding to a long delay (this component is connected with
the time of an electron’s stay at the trap level till the moment
of its recombination with a hole in the valency zone), we got
the time of the life of the photoexited carriers of the  charges.

The typical values of  are within the range of 10...15 ps for
both energies of pumping. The fact that  for In0.38Ga0.62As is
more than for LT GaAs [9] is a consequence of high mobility
of the charge carriers in In0.38Ga0.62As layer due to the use
of MB in comparison with the defective LT GaAs. It is im-
portant to point out, that the increase of the lifetime of the
photoexited charge carriers did not affect the intensity of the
THz generation in In0.38Ga0.62As, but led to its essential in-
crease due to contribution of the photo-Dember effect to the
THz generation.

Fig. 2 presents the time form of THz pulse (ETHz) meas-
ured for the two investigated samples. By means of the Fou-
rier transform the range of the THz radiation was obtained
from a wave form (fig. 3).

It is visible, that the power of radiation Prel in
In0.38Ga0.62Asc sample with MB by two orders surpasses the
similar value of LT GaAs. Besides, its frequency range has a
wide spectrum of radiation, up to 6.0 THz. This is connected
with the fact that besides the acceleration of the photoexited
carriers by the embedded electric field, a contribution to
generation of the THz radiation in sample In0.38Ga0.62Asc
with MB is brought by the photo-Dember effect [10]. Fig.4
presents the dependence of the amplitude of the THz radia-
tion on the energy of pumping of the femtosecond laser Eopt
for In0.38Ga0.62Asc sample with MB. It is visible, that the am-
plitude of the THz radiation increases linearly in a logarith-
mic scale with an increase of the energy of pumping.

When the energy of pumping reaches Eopt  110 J the
given dependence comes to the level of saturation, which is
connected with a lower mobility of the electrons in the pho-
toconducting layer of In0.38Ga0.62As. At a rather small optical
fluence ( 40 J/ m2) the efficiency of the optical-THz con-
version in such a structure was 10–5, which is by several or-
ders higher than in LT GaAs. Later it will allow us to use the
given material in the photoconducting sources on the basis of
the lateral photo-Dember effect [12].

Development of the photoconducting antennas
and study of their electric and thermal properties

The basic application of PCA is connected with the systems
of the THz spectroscopy for analysis of biological objects, ex-
plosives and cold arms, and also for therapy of malignant tu-
mors, in particular, during diagnostics of a skin cancer [13].

In order to increase the efficiency of the optical-THz con-
version in PCA various approaches are applied [15]: extension
of the active area of PCA, use of plasmon nanoantennas, de-
velopment of 3D plasmon contacts, etc. Notwithstanding the
success in the field of PCA engineering, they are extremely sub-
jected to the influence of the dark currents [16]. This is accom-
panied by allocation of the Joulean heat [17, 18] simultaneously
with heating under the influence of an optical pumping laser,
which leads to a thermal breakdown of an antenna.
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We carried out research of the electric, thermal and also
frequency properties of PCA on the basis of LT GaAs and
In0.38Ga0.62As with MB and offered a way of installation of
PCA crystals on a textolite board without gluing of a silicon
lens directly to an antenna with a possibility of a heat sink from
the active area. Such equipment with PCA on a textolite board
can be placed in a holder with a focusing lens for carrying out
of measurements of the THz signals. For formation of PCA on
the grown structures a photo mask was developed and manu-
factured containing several various types of antennas with the
contact platforms. The plates were cut in PCA crystals by a disk
cutter. The device for the holder with a focusing lens for meas-
urement of THz signals was made of a printed-circuit board
from a glass-fiber plastic, foil-coated on both sides (fig. 5). The
sequence of operations is described in detail in [19].

Measurements of the volt-ampere characteristics (VAC)
were done at 300  on a probe station with needle probes,
connected to Tektronix 370A Curve Tracer, measuring in-
strument of characteristics of the semi-conductor devices.

Research of the processes of the current behavior and
Joule heating in the photoconducting layer of PCA was done
by means of simulation by the method of final elements in
COMSOL Multiphysics program. The structure of PCA and
a picture of distribution of the density of the Joule heating PH
are presented in fig. 6 on the example of In0.38Ga0.62Asis. It
is visible that the maximal density of the thermal emission is
concentrated at the edges of metallization (the arrows show
the direction of the electric field). The maximal calculated
values of PH for the dark current are 7.43  1012 W/m3 for
PCA on LT GaAs at the applied voltage Vb = 15 V and
3.72 1013 W/m3 for PCA on In0.38Ga0.62As at Vb = 10 V.

Fig. 7 presents a comparison of the experimental and
theoretical VAC for PCA on the basis of the two investigated
materials. It is visible, that the theoretical curve of the dark
current Id (COMSOL) agrees well with the experimental Id
(exp.). The influence of femtosecond pulse with the pump-
ing energy of 1 mJ (wavelength 800 nm) on PCA leads to
appearance of an induced photocurrent Iph and growth of
Joule heating PH. The maximal calculation data of PH tak-
ing into account the photo- and dark currents are equal to
PH  3.02  1013 W/m3 for PCA on LT GaAs at Vb = 15 V
and PH  8.22  1013 W/m3 for PCA on In0.38Ga0.62As at
Vb = 10 V. Thus, the influence of an optical pumping by a la-
ser leads to a 4-times increase of PH for PCA on LT GaAs and
more than 2 times for PCA on In0.38Ga0.62As.

Fig.8 presents the calculated temperature-time dependen-
cies of operation of PCA on the basis of LT GaAs with account
of a heat sink to a textile board and without a heat sink. It is vis-
ible, that the use of a heat sink to a textolite board allows us to
reduce the working temperature of an antenna by 16 % for PCA
on the basis of LT GaAs and by 40 % for PCA on the basis of
In0.38Ga0.62As with MB. It should be pointed out that PCA on
the basis of LT GaAs without a heat-conducting path almost
does not heat up and comes to saturation by temperature during
3—4 min., while PCA on In0.38Ga0.62As demonstrates a jump
with a gradient by temperature from 25 up to 35 ° . Since PCA
on In0.38Ga0.62As has a higher dark current and more of Joule
heating is emitted in a unit of time, the use of a heat-removing
surface allows us to compensate for the negative influence of the
dark current on operation of the antenna.

Fig. 9 and 10 present the spectra of the THz radiation for
the two investigated PCA on LT GaAs and In0.38Ga0.62As
with MB. It is visible, that the dynamic range (by the axis of
ordinates) by the radiation power is about two orders for both

antennas. Application of voltage Vb = 20 V to PCA on LT
GaAs leads to an increase of the intensity of the THz gener-
ation by more, than 10 times, at that, application of voltage
Vb = 5 V to PCA on In0.38Ga0.62As increases the intensity on-
ly insignificantly. Possibly, this is connected with the fact that
the antennas with a photoconducting layer of In0.38Ga0.62As
"flow" more intensively, therefore, they require additional
etching of mesa to reduce Id.

Conclusion

The work presents the research of the photoconducting
materials of LT GaAs and InxGa1 – xAs (for x  0.4) and an-
tennas on their basis for generation of the THz radiation. It
was demonstrated, that In0.38Ga0.62As with MB had the spec-
trum of radiation up to 6 THz, and also a high intensity of the
THz generation, which by two orders surpassed the similar
value for LT GaAs. On the basis of the specified materials
PCA were developed, assembled on a textolite board, to en-
sure a heat sink from the active area of the antenna. It was
demonstrated, that the use of a heat sink made it possible to
lower the working temperature of PCA from 16 up to 40 %,
depending on a photoconducting material. The measure-
ments of the frequency characteristics of PCA on the basis of
LT GaAs and In0.38Ga0.62As with MB proved that both an-
tennas had the spectrum of radiation up to 3 THz.
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ì  ä ö   ë ã
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  ü ã  ë  ë ä
ã  äë  ì üø  ä
ì , ÷  ÷ ü ë   ÷

÷  .  ì ë  -
ã ëü  ì   HEMT ÷ ëü  -

  ëü  ì ì -
ã  . ë  ì  -

ì ì ã   -
ä ì  ì ä ë , ä þ  ì ë  ä ë
 ã :  ë , þ

ä ì þ ö ëü þ ì , ë ÷   -
ä  ë  ë ø , ö ö   ä-

ü ë   ëü ì ë . ì
ø þ  ëü ä  ã -

 ë  ä ì  ëþ÷  ì ì  
  ã ë  ì ë  -

ã ëü  ì.   ì  
ì ä  ø þ ã  ë  ë ä-

 ã   ì  ì ì  
ä ì ì ë ì ã ì —  ä
(Al, Ga, In)As,   ä  (Al, Ga, In)N.

 ÷  þ  ì ä ì ì ë ë -

-ë ÷    äë  GaAs (100) 
InP (100),   — ì ä ì ì ëë ã ÷
ã    äë  Al2O3 (0001) 

6H-SiC (0001).
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÷  ë ä  ã
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 ,  ,  -  . -

        .     
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 : , -  , ,  -
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ë ä ì ä ì,   -
ä ä ã  ë    -

ä ì   ë þ   ä  -
 ì ëü  ( ì  ä, ì

ë ä ).  ì   ä ,
  ä  ì ëë  III ã  ä ÷

ì  (  ëþ÷ ì AlAs). ì  -
 ëþì ö ö   ë ä -

 ö    ä  ì  
ä ã   (77 ),  ÷  ã  ë ÷

ü ã ì ã  ëþì ö ã
ë ÷  , ì  ãë , ø þ  ë

ë    .

þì ö  ë ÷  ä  ã -
 (Al, Ga, In)As ë   ì  ë
ã ÷  ë  ë ì ã ã

 (0,5...2,4 )  þ  ëþì -
ö ì ë ÷ ì ä  ã
(Al, Ga, In)N (0,9...5,5 ).     ã -

 ëþä þ  ë ä þ   ë -
÷ ëü  ë  ä : ÷  -

þ  ì ã  ì ë  (  ),
ì ä  ì  ì ã   ë -

  ä    ì ,    
ì  ë  ä   ë þ .

   GaN (AlxGa1–xN/GaN
ë  InxGa1 – xN/GaN), ä ì  ë ì ( )
ë  ë ì ÷ ì ( ä ëþì ö ö ),

ã þ   ë ÷   ëü
ä : ëü ë ì, ä ì ì  ë -

ì ì.

 ëü ë ì ä  ë  
ì  / ë   ( ãë. -

ì  near-band-edge emission),   -
ì ö    ì ì ë  GaN.

  ëü     
ä  ã ,   ì ë GaN

  ä ì    ä  ã -
 ( . 1).    ã -

÷ ì ë ì 3,456  ( ì  ì -
 15  [2]), 3,468  (10  [3]), 3,484  (10  [4])

 ì ö  ,  
ëü  ì ë  ä  ( ãë. ì  donor-

bound exciton, DBE).    -
 ä ÷   ä   ë

ì ö  DBE (3,369  3,269  -
 [2];   [3]   ë  

3,406 ).  ë   ÷ ü ì ø -
ì ëë ÷  ,  

äë  GaN,  ì  ì  15 
    ë  3,3...3,5  ø  ä -
ëü  ì ã  ä ëü   [5].   ä  -
ë     ã ÷ ì  -

ë ì  3,4720  3,4728   ì -
ö  - ,   ëü

ì ë  ä  (DBE): ë ä   ì  -
.    :

ì ö  - ,   -
ëü ì ì ë ì ä ö ì ö -
 (3,4673 ); ä ë  ì ö
- ,   ëü  ì ë

ä  O  Si (3,4475  3,4512  -
); ì ö  - ,  

ëü  ì ë  ä  O  Si; ì -
ö  ä  -  - . ë  ì -

 ä   ä ÷   ì -
 (30...77  [6]),    ë ÷   -

   ë ÷ , ä  ãë ì
ì ø    DBE.  -

ë ÷  ä  ë  GaN ( ì , -
ë   ì   ë   680 ä
500 °   MOCVD [7] ë  ë  þ -

  äë  Si [7, 8]) ü  -
 ,   ì ë ÷    -

. 1.       ;  —   [2]; b —   [5]

Fig. 1. PL spectrum of a nitride structure in the ultra-violet range; a — from the work [2]; b — from the work [5]
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ø   ä ëü  ë , ì üø ,  
 ì  ä   ÷ ü. ì  ã , 

ëü ë ì ä   ä  
 , ëü    

ä ,  ÷   ä ë ö  ( ã  ã -
÷  ë  3,370  [9] ë  3,404  [8]).
  [10] , ÷ , ë  -

ì ü    ëü
ë  GaN   ä ,

ì  ä ë ü ä  ë  ä ë ö  
ë   ÷  ü  ë  

ì  ì .

  ëü ë ì ä   -
ë ä  ã  AlGaN/GaN  -

ì  ì ì  ë  ,   -
ä ì  ë  ì ä  ì  ì ã

   ì  [3, 11].  ì üþ
ë ä  ì  ì  ë -

ø   ëþì ö ö , ë ë -
 ë ÷ ëü ì  ä ì  ë  ì -

ä  ë ì   ä ÷ ì  ì  ì -
ã     ì , ì  ö ü
ö ö þ ë    ì  ã -

 [12].  äë    äë  -
ä  ã  [13],    . 2.

     ì  ì
ö ü ä ü ë  [13],  -
  . 3,      ä ã  ë ÷  
 ä  ã .

 ä  ä ì ã  ë ÷  ë
 ì  " ë "  ( ãë. ì  yellow

luminescence).    ëþä  ÷ ü
ø    ë  1,5...2,5   ì ì ì ì

ë  2,2  ( . 4),   ä ì
ë    ä ì  ë   

ì ë  ä    ãë  ö  
ì ì ë  GaN.    ë

  ä  ã .  ÷
ãë  ö  ì þ  ì  C, Fe,

 Ga  ì ë  VGa—ON (  ã ë-
ë  — ì O  ë  N).  " ë "  -
ä ëü   ëüø  ö ö  ë ëü-

  ì   ä   ë ä ì
ë  ë  ã . ë ÷  

" ë " ëþì ö ö  ä
  ì üø ì ä  [14]  -

ä  [15] -   GaN.

 ë ÷   ë  , ü
 ë  ë ÷   ë ÷

 ä þ ã  ë , -
ü " ë "   ì ä   -

 ( . 5), ÷  ãë    ì ä ëüþ -
ì ö  ÷  ë  ã ÷  -

 ãë     [16]. 
ã  ë ä , ÷    

" ë "  ë   äë  ö  ÷
ëë ÷   ö  ä ì

÷ ü ü ä .

. 2.     
  In0,7Al0,3As/In0,75Ga0,25As/In0,7Al0,3As  T = 77 K

     n2D FWHM — full

width of half maximum

Fig. 2. Correlative dependence of the semi-width of PL peak of the
quantum well of the In0.7Al0.3As/In0.75Ga0.25As/In0.7Al0.3As at T = 77 K

on the concentration of two-dimensional electronic gas n2D FWHM —

full width of half maximum

. 3.     
      T = 77 

Fig. 3. Correlative dependence of the intensity of PL line of a quantum
well on the mobility of electrons at T = 77 K

. 4.     GaN    -
  [4]

Fig. 4. PL spectrum of the unalloyed GaN film in the visible and ultra-
violet ranges [4]
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ä  0  ë ä þ  ì -

ö   ì ëü  ì  ë ä þ-
 ì ë :

IYL = ln , (1)

ãä  N — ö ö  ãë  ö  ( ä-
ã ì  ì   ä ì );  — -

ö  ãë  ë ã  ë ÷  
äë  ë  325 ì  GaN (   105 ì–1);  — -
ì   ë    ãë  ö -

 (   0,4 ì  ãë  ì ì  ö -
ëü ì  þ  " ë " 

ë  ì ëü ã  ä ); ext — 
ü ( ext = IYL/ 0 = 4 % ãë  -

ì ì ì ì ä ã  ö ).  ì -
ä ì ì äë  ä ÷  ë  ë  GaN

( ë  1 ì ì)  äë   ë ø ì ëüø  -
 ä  (ì  100 / ì2). -

ãë  ì    [4] N = 3,3•1015 ì–3.  ë -
÷   ë  ,    -

ø  ì  ì , " ë " ,
,  ëü  ë  -

  ø  ì  ì  [4].

 ë ì -ä  ë  , -
 ì  ë ì  ä ì

 ì  ì  3d- ë ì : V3+ (0,931 ),
Co2+ (1,047 ), Ti2+ ë  Cr4+ (1,190 ), Fe3+

(1,300 ) [17, 18].

 ã ÷  ë  / ë -
   ë   ëü  ì -

  ë ,    ÷  -
ã     ë . 

ã ÷  ë   / ë -
 , ì    ÷  ë -

, ì  ä ë ü ä  ä ä ì -

ä ë  ã    ë , 
  . 6 (  ì  ä ë ü ë -

 ä ä  ë     ä ã
 , ì , ä ëü  ä ë

ä ä ü   ì üþ ã
ä ì ) [2].  ì ä 
ãë ì ì  ä ì ã ì, 

 ÷  ÷  ã  -
 ÷ ëü  ëüø , ÷ ì  ä . 

ë ä   ì    ã  ã -
ã   ì  ä ë ü  ì üþ -
ì ã  ì   ì ö -

ã       äë
ë ä  ä   [19],  -
  . 7.

. 5.    " "  
    [16]

Fig. 5. Diagram of the dependence of the intensity of the "yellow" and
boundary PL on the intensity of photoexcitation [16]

N
----- 1 ext

N
------------P0+

. 6.    Al0,24Ga0,76N/GaN, -
     [2]

Fig. 6. PL spectrum of Al0.24Ga0.76N/GaN heterostructure measured in
different points of a plate [2]

. 7.  "   —    -
" [19]

Fig. 7. "Film composition — elastic stress in a film" diagram [19]
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 ëü  ë  ë ã

ë  (  äë  ë  ì  350 ì, ì ,
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ë ä  ã  ì ä ì ã

ä ì : /2 - ; - -
; ã   ã -

ã  ë ÷   ãë  ä  ë   -
ì . ä  ã

ë  ë ä  ì ä ì ã  ä -
ì    ø  ì   

[20—23],  ä  ã  —  
[24—30].

 ä ö ã  ,  
ì  /2 -  ä ì   -

ëë ã ÷  ë   ìì ÷ ì
 ìì ÷ ì  ä ì , ä þ  ì ü

ä ë ü ì  ø  ì ëë ÷ -
ã  ì ë   ëü  ë , -

÷ ì  ä ö ã   ä
ì ö þ  ì  ø   ë  ã -

.  ë ÷  ä  ä ë
ä   ì ë   ã  ä ì ö

ëë ÷  ø . ì  ã , ö ë -
 ã ìì  ÷  ë

ì ä ë ü þ ä ö ã  
 ë  ì ã ë  ã   ä-

ã ü  ä ì ëü  ì þ, ü-
 ë    ë . ì ì ì -

 ä ë ü ë    ë  ( . 8).

 ä ö ã  ,  
ì  - , ä þ  ì ü 

ë ø    ë  ö ü -
ö þ (ì ÷ ü) ëë ÷  
ë , þ ë ëü ì  ì  

ì  ëë ÷   ã
þ   ë  ä ë ö ,   ä -

ì   ë . ì ì ì ì
ö ü ë ü ä ë ö   ì  ä ì -

.   [5] , ÷  ë  GaN, -
  äë  GaN, ì  ì  -

þ  ë ø  - ,   äë
(53''/52''    ë  (002) ë -

/ äë , 145''/137''    ë -
 (102), 54''/42''    ë

(104)), ÷  ã   ÷ ü ì ø
ëë ÷   ë  GaN  ä-

ë  GaN.   [32]  ë ø  -
GaN ö  ì  ë ÷  ä ì , -

ø   ã  AlGaN/GaAs, -
 ì ä ì MOCVD  äë  c-Al2O3, 
, ÷  ë ÷  ì  ä ì  -

ä   ë ÷ þ ä  ë .

  ã ã  ë ÷  -
ì þ    ä  /2 -  - -

, ä   þ  ëüø ã  ì  -
ë  ã ë  (  ë ì  ø  ëü-

ì ì ã  ÷  ë ÷ , -
ì  ).   ë þ
ë ÷ø ì ì ì ü ì -

ëü  ä  ÷ ì ,   -
 ä ã   ã ã  ë ÷ -

, ã  ä ë ö ì .  -
ì ëü   ÷ ë    -
ë  ä ë ü ë ü ä ë ö .  

[33] , ÷  ëü  ã ì  ëü-
ã  ä  ÷  ( ë  ë  -

 ,  ì ä þ   -
 ÷  ë  ä ÷ ü ì ë ì ãë ì

(0,6°)   ö )  ì  
 ë  ä  ì üø ü ã ø ü

ä ë  ë   þ

. 8.     -
  ( )       (b)

  (0002).   —   
      

  AlxGa1 – xN [31]

Fig. 8. The experimental curves and the calculated curves of the
diffractional reflexion (a) and a map of scattering in the angular co-
ordinates (b) for reflexion (0002). The insert presents a distribution of
the composition and elastic deformation determined as a result of an
approximation in the gradient layer of AlxGa1 – xN [31]
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ä ë ö   ë  GaN    -
þ  ëü ì ã ì  ÷ ã  ä -
ö ã   ÷   ìì ÷  
ìì ÷  ëë ã ÷  ë -
. ä  ä  ã ì  ëü ã  -

ä  ëþ÷   ì, ÷   ä ë -
ö   ë þ ,   ì   ì  

  ã ì  ÷ ã  ä ö ã
  ìì ÷   ìì ÷

ë  ë  ä ë ü ë ä -
þ     ä ë ö . ÷

ìì  ë  ä ë ö    
ë  ä ä  ä ë ì ë  ì

ë .

ëü  ì ã ë  ã
  GaN ë  ã    -
ëü  ä  ëü  : 1) ë -

÷  ö  ì ÷ ã  ø  GaN
 ì ë  äë  (   ÷  ã-

ü ëü  ë ä  ë   ì -
  ä  ì  ì ,  ëü

ë  GaN  äë  Al2O3  ì,
  äë  6H-SiC — ì); 2) ä -
ä  ã  ã   ö  -
ëü ã  ; 3)   -

ø  GaN  ì ë  äë ; 4) 
ä   ö  ëü ã   ( ÷-

  ä   ã þ ì  ã ì  -
þ). ø   ë  ã  

ì  ü ë ä þ  : ã  ë -
 [34]; ë    ë  [35]; ë -
 ë   äë ;  ä ë ö

 [36]. ä   ë  R
ä ë  ì ë  :

R = , (2)

ãä  Esubstrate  substrate — ì ä ëü ã   -
ö   ì ë  äë ; hsubstrate

 hfilm — ë  äë   ë  ë ;

film — ã    ë . ì ë  -
 ì ì   ì ì ë ì 

ëü  ë  äë  (hfilm n hsubstrate).
ã  ë  z ä ë  ì

z  , (3)

ãä  D — ä ì  ë . ÷  ë  
ä ì  ì  ì þ  ä  

5...10 ì,  ã  ä äþ ì  ë  -
ë  30...60 ì ì [37].   ëü ì -

ã ì  ë   ë
  ÷ ,  ö ë ä ÷ .

 ë ,   ë ÷  ä ë ö  
ã , ä   ø þ - .

ë ä  ë    ø  -
  ì ì  ë ä  -
÷  ä  ã   ì -

ë  ë üþ ä ë ö .   [38]
ë , ÷     ìì ÷

ë  (0006) ë ä  ë  ì -
 ì ì ü, ì üø   ã -
ã  ÷   ì üþ ì  ø  ë

ëë ì  ( . 9) ë  ëü   ö ë þ
ë ,  ì ë ü   ãì  ( ë äüþ

ëü  ä  ì ëë ì ); ä , 
ì ì üø  ü ã  ÷-

. ë  ä    ë   ëü-
 ì ë ã  ã ã   ( 10   -

þ  450   ä  ã )
ë   ë   ë ø  - -

 ÷ ëü  ì üø .

3. -   

 

ëü - ä  ì ä  ì  ì
ë ä    ä ë  -
ì  ì  , ë ë  ë -

÷ ì ì ã  ä    -
ë  ë ä ,  ë ã    -

 [39]. ä ì    ì ã
ü ë  ä ã  ,  ì ã

ü ü   ì .  ì 
ä    ø ã  ã

ë ÷    ã   ä ë ì  -
. ì ü, þ þ  ÷  ãë

ë ÷ ,  ì ë ÷  þ  ì -
üþ,   ì ë ÷  — ì ì ë
ì üþ. ã  ë ÷ ëü  üþ

ì ä  ë  ë ÷  ä  ë ÷  ã-
ë , ä ì   .  ã ë —
   (  ì -
),  ÷  ää  ÷

Esubstrate

1 substrate–
----------------------

hsubstrate
2

6 filmhfilm

--------------------

D
2

8R
-----

. 9.   -   GaN  c-Al2O3

  (0006)      -
    [38]

Fig. 9. Dependence of the semi-width of -peak of GaN layer on c-Al2O3

at reflexion (0006) from the height of an x-ray beam at various curvature
radiuses of a plate [38]
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 ì ë  ì ë ä  ( ì ëü  ã-
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 ë  ã  ä  
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ä   ë ä  ,
 ä   ë þ ì .
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ä þ    ë  ë  ä  ä -
 ( ä ö) ì  ë   ë ÷

ì ã ë   [40]. , ÷  
 ë  ä ëü ë   

ë  ë    ë    -
ö  ä  ü ì  ã ö  ä ë
( )   ë . -

ä   ë  ë ëü ì  ì  
ã ö  ä ë , ÷  ä   þ

 ä . ëü   -
ä  ì  ã ü  ø  ë ÷  ë .

ë   ä , ä   ë ä  -
ã  ë  ë  ë ä , ë ü
ë ÷  ë ,  ë   ë ä-
ã   ä ö  ä.  ä
ä  ä ì  ë ì  ä , -

þ ì   ë ä . ø
ä  ëü  ì ë ä -

   ø ã  ë -
÷ ã  ë .
 ì   ø
 ä  (  ì ) ì -

ë    ä ì  ë -
ä    ì ëë  

ë ä ì ì  ÷
ö .  ì  ä  ö

ëþä   ã -
ã  ë ,   ä  ä ã  -

ö  — ä ã   ä  -
ã  ë . ë  ë ÷  ã -

 ë ,  äë  ë  -
ä    ä   ì ë  

ì ë   ö ëü-
ã  ü . ë   ë  ë ÷ -

 ä  — ö ëü
ü  ü.  ü   ë ÷ ë

 ü   (ä ä -
) [41].

ì  ã  ü  -
 ë ÷   ì  ü  
ì ëë ÷ ì  ì . -
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Schottky transition
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Introduction

Development of HEMT (high electron mobility transis-
tor) technology is aimed at thinning of the barrier layer of the
semi-conductor heterostructure, and reduction of the subgate
capacity in order to ensure higher working frequencies of the
transistors. Development of monolithic integrated circuits on

the basis of HEMT becomes simpler with the use of the com-

puter-aided design. Their application requires models, which

give a comprehensive idea about a heterostructure: the state

of the layers forming a two-dimensional potential well, avail-

ability and nature of the electronic traPL, concentration and

mobility of the electrons in the channel layer. Therefore, the
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The topic of the article is the nondestructing methods for control of the nitride and arsenide heterostructures with a quantum well:
photoluminescence spectroscopy, x-ray diffractometry and measurement of the capacity-voltage characteristics. The main principles
of these methods and the scope of their application are explained. Specific features of application of these methods to the nitride and
arsenide heterostructures (Al, Ga, In)N and (Al, Ga, In)As, and their distinctions are described.

Keywords: nanostructures, capacity-voltage characteristics, photoluminescence, x-ray diffraction, nondestructing analysis



-   ,  19,  5, 2017312

nondestructing control of the initial heterostructures is one of
the key moments in designing and manufacturing of the mon-
olithic integrated circuits. The work presents the basic meth-
ods of the nondestructing control of the semi-conductor het-
erostructures with quantum wells and two-dimensional elec-
tronic gas: both the arsenide (Al, Ga, In)As and the nitride
(Al, Ga, In)N ones. The former are usually grown by molecule-
beam epitaxy on the substrates of GaAs (100) and InP (100),
and the latter — by metalorganic gas-cycle epitaxy on the sub-
strates of Al2O3 (0001) and 6H-SiC (0001).

1. Photoluminescence Spectroscopy

The quality of the semi-conductor heterostructures can be
controlled by means of spectroscopy of photoluminescence
(PL) [1]. This method is applicable to the semi-conductor
compounds, in which the transition of a photo-exited elec-
tron from the conductivity zone into the valency zone is not
accompanied by a loss of an impulse (direct transition, direct
band semiconductors). Among them are arsenides and ni-
trides of the III group of the periodic system (except AlAs).
Measurement of PL demands cooling of samples down to the
temperature of boiling of liquid nitrogen (77 K), due to this
the intensity of the recorded luminescent radiation increases
and, which is the most important thing, the closely located
peaks on the spectra are resolved.

Luminescent radiation of the arsenide heterostructures
(Al, Ga, In)As lays in a lower energy area of the electromag-
netic spectrum (0.5...2.4 eV) in comparison with the lumi-
nescent radiation of the nitride heterostructures (Al, Ga, In)N
(0.9...5.5 eV). In case of PL of both types of the heterostruc-
tures the following types of the radiating electronic transitions
are observed: through the forbidden zone of the volume ma-
terial (boundary PL), between the levels of the dimensional
quantization of the electrons and wells in the quantum wells,
and also from the levels of impurities or defects into the va-
lency zone.

The heterostructures on the basis of GaN (AlxGa1–xN/GaN
or InxGa1–xN/GaN), exited by a laser (PL) or an electronic
beam (cathodoluminescence), generate their own radiation in
several bands: UV, visible and near IR.

In the UV range the near-band-edge emission PL is present,
caused by a recombination of the excitons in the volume layer
of GaN. Such PL will necessarily reveal itself in the spectra
of the nitride heterostructures, because GaN material is present
and it dominates in all the nitride heterostructures (fig. 1). The
basic peak with a power position of 3.456 eV (temperature
of measurements — 15 K [2]), 3.468 eV (10 K [3]), 3.484 eV
(10 K [4]) is caused by a recombination of the excitons, con-
nected on neutral small donors (donor-bound excitons, DBE).
Less intensive peaks are caused by the single and double pho-
non replicas of DBE recombination (3.369 and 3.269 eV, ac-
cordingly [2]; in [3] the first phonon replica — 3.406 eV). In
the films with a very high degree of perfection of the crystal
structure grown on GaN substrates at the temperature of meas-
urements of 15 K in PL spectrum in the area of 3.3...3.5 eV
rather many separate peaks are admissible [5]. Out of them
two the most intensive peaks with the power positions of
3.4720 and 3.4728 eV are caused by a recombination of A-ex-
citons, connected on donor-bound excitons (DBE): oxygen
and silicon, accordingly. The less intensive peaks are caused:
by a recombination of A-excitons, connected on the neutral
small unidentified acceptor (3.4673 eV); two-electron recom-
bination of A-excitons, connected on donor-bound excitons

of O and Si (3.4475 and 3.4512 eV, accordingly); recombi-
nation of B-excitons, connected on donor-bound excitons of
O and Si; recombination of free A- and B-excitons. If the
measurements are done at an insufficiently low temperature
(30...77 K [6]), then the thin exciton structure is not distin-
guished, and the widened basic peak of DBE is mainly visible.
With an increase of the deficiency of GaN films (for example,
if the growth temperature of the films goes from 680 down to
500 °  at MOCVD [7] or, if the films are grown on Si sub-
strates [7, 8]), the intensity of the peak boundary PL, which
in this case also is not admitted to separate lines, decreases
and the peak can even disappear at all. Besides, in the UV
range there is also a peak from the excitons, strongly con-
nected on the lengthy defects, in particular, on dislocations
(its power position is 3.370 eV [9] or 3.404 eV [8]). In 10] it
is shown, that when analyzing the dependence of the intensity
of the boundary PL of the epitaxial GaN films on the intensity
of photoexcitation, it is possible to draw a conclusion on the
density of the dislocations in a film and to compare qualita-
tively different films by this parameter.

Also in the UV range during research of AlGaN/GaN het-
erostructures with the quantum wells PL appears, connected
with the transitions of the electrons between the levels of the
dimensional quantization in a quantum well [3, 11]. By means
of research of the temperature dependence of the semi-widths
of the photoluminescence peaks caused by the radiating tran-
sitions of electrons between the electron and the well levels of
the dimensional quantization in a quantum well, it is possible
to estimate the concentration of electrons in a quantum well
of a heterostructure [12]. This is also fair for the arsenide het-
erostructures [13] (fig. 2, a), by the intensity of PL of a quan-
tum well it is possible to estimate the mobility of the electrons
[13] (fig. 3), because both values depend on the deficiency of
a heterostructure.

In the range of the visible radiation a "yellow" PL (yellow
luminescence) is revealed. In PL spectrum a very wide peak is
observed in the area of 1.52.5 eV with the maximum close to
2.2 eV (fig. 4), which is caused by transition of the electrons
from the zone of conductivity or from the levels of small do-
nors to the levels of the deep acceptors in the volume layer of
GaN. Such PL is also visible on in the spectra of the nitride
heterostructures. As deep acceptors the atoms of C, Fe, vacan-
cies of Ga and complexes of VGa—ON (vacancy of gallium —
atom of O in the N node) are considered. A powerful "yellow"
PL testifies to a big concentration of an undesirable back-
ground impurities and defects in the investigated film or het-
erostructure. Presence of an intensive "yellow" PL is directly
connected with a decrease of reliability [14] and speed [15] of
the microwave transistors on GaN.

Unlike the near-boundary PL, the intensity of which in-
creases linearly with an increase of the intensity of the excit-
ing laser, the intensity of the yellow PL comes to a saturation
(fig. 5), which agrees well with a simple model of a recom-
bination through a strip of the power states deeply inside of
the forbidden zone [16]. From this it follows, that during a
comparison of the intensity of the "yellow" and the near-
boundary PL for estimation of the quality of a crystal structure
of a sample it is necessary to consider the intensity of the ex-
citation.

In [4] a method was developed for estimation of the con-
centration of the deep acceptors responsible for the "yellow"
PL by means of measurement of the dependence of the in-
tensity of the "yellow" PL IYL on the intensity of photoexci-
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tation 0 and the subsequent approximation of this experi-
mental dependence by the following formula:

IYL = ln , (1)

where N — concentration of the deep acceptors (an adjusted
parameter in the given expression),  — absorption coeffi-
cient of the laser radiation with the wavelength of 325 nm in
GaN (   105 m–1);  — lifetime of an electron on the lev-
els of the deep acceptors (   0.4 ms, according to the meas-
ured exponential attenuation of the "yellow" PL after a pulse
excitation), ext — quantum efficiency ( ext = IYL/ 0 = 4 %
according to the direct measurements of a standard sam-

ple). The method is applicable for thick films of GaN (over
1 micrometer) and not too high intensity of photoexcitation
(below 100 W/ m2). According to it, in the work [4]
N = 3.3•1015 cm–3. Unlike the near-boundary PL, which
attenuates with a rise of the temperature of measurements,
yellow PL, on the contrary, becomes a little more intensive
with the rise of the temperature of measurements [4].

In the near IR range PL appears, caused by the internal
electronic transitions in the impurity he impurity atoms of
3D elements: V3+ (0.931 eV), Co2+ (1.047 eV), Ti2+ or Cr4+

(1.190 eV), Fe3+ (1.300 eV) [17, 18].

The power position of the boundary/near-boundary PL is
influenced not only by the change of a film composition, but
also and by the residual elastic stress in the grown film. Com-
paring the power position of the peak of the boundary/near-
boundary PL, measured from different sites of a plate, it is
possible to draw a conclusion on a non-uniform distribution
of the elastic stress in the plate (fig. 6) (it is necessary to sep-
arate the influence of the heterogeneity of a plate by compo-
sition on the shift of PL peaks, for example, preliminary hav-
ing defined the heterogeneity of the composition by means of

x-ray diffractometry) [2]. The above method concerns mainly
the nitride heterostructures, in which the values of the resid-
ual elastic stresses are much higher, than in the arsenide ones.
Also, the contributions to the changes of the composition and
of the internal elastic stress can be divided by means of a joint
application of the spectroscopy of a combinational scattering
of light and spectroscopy of PL for research of the nitride
structures [19] (fig. 7).

Analysis of the nitride heterostructures by the method of
spectroscopy of photoluminescence differs from the analysis

of the arsenide heterostructures by the fact that it demands the
use of a more short-wave laser (with the wavelength less than
350 nm), for example, He-Cd laser with the wavelength of
325 nm), and also a diffraction lattice of the monochromator
with a higher density of the strokes (1200 or 2400 strokes/mm),
while for the analysis of the arsenide heterostructures a laser
with the wavelength less than 630 nm and a lattice of
600 strokes/mm is suitable.

2. X-ray Diffractometry

The most frequently applied modes of research of the
heterostructures by the method of x-ray diffractometry are:
/2 -scanning, -scanning, mapping of scattering of the x-ray

radiation in the angular co-ordinates or in the reverse space.
The arsenide heterostructures are investigated by the method

of x-ray diffractometry in the modes described in [20—23],
and the nitride ones — in [24—30].

The curves of the diffraction reflexion, recorded in the
mode of /2 -scanning simultaneously from the crystallo-
graphic planes with the symmetric and asymmetric indexes,
give a chance to determine the parameter of a lattice of a
monocrystal material in several directions, at that, the curves
of the diffractional reflexion contain information on the pa-
rameters of the lattices of all the layers of a heterostructure.
From the received data a conclusion is made about the com-
position of a material and elastic deformation of a crystal lat-
tice. Besides, the software allows us to model a curve of the
diffractional reflexion from a complex multilayered heter-
ostructure and adjust it to the experimentally measured one,
varying the thicknesses and compositions of the layers. Thus,
it is possible to determine the thicknesses and compositions of
the layers (fig. 8).

The curves of the diffractional reflexion, recorded in the
mode of -scanning, give a chance by the semi-width of the
peak from a film to estimate the off-orientation (mosaicity) of
the crystal structure of the film, caused by the local distortions
and turns of the crystal structure round the dislocations ex-
isting in the film, and also the domain structure of a film.
Thereby it is possible to estimate the density of the disloca-
tions and the dimensions of the domains. In [5] it is shown,
that GaN film grown on GaN substrate has about the same
semi-width of -peak, as the substrate (53''/52'' at reflexion
from the planes (002) of the films/substrates, 145''/137'' at re-
flexion from the planes (102), 54''/42'' at reflexion from the
planes (104)), which means a very high degree of perfection
of the crystal structure of GaN film on GaN substrate. In [32]
by the semi-width of -peak of GaN the sizes of the columnar
domains formed in AlGaN/GaAs heterostructures, grown by
MOCVD method on c-Al2O3 substrates, are estimated, and
also it is shown, that an increase of the sizes of the domains
leads to a higher mobility of the electrons.

Maps of scattering of the x-ray radiation combine the ad-
vantages of /2 - and -scannings, however, they demand
more time for signal accumulation (the problem is solved by
the use of a powerful source of radiation, synchrotron, for ex-
ample). Maps of scattering allow us to approximate in the best
way the experimental data by the calculated ones, especially
this concerns the diffusive scattering of the x-ray radiation
caused by dislocations. Comparison of the experimental and
calculated maps of scattering allows us to determine the den-
sity of the dislocations. In [33] it is shown, that the use of the
geometry of a sliding and falling beam (the full internal re-
flexion is realized, at that, the falling and the reflected beams
are directed at very small angle (0.6°) to the surface of the
sample) during measurement of the maps of scattering allows
us to halve the error of determination of the density of the
boundary sprouting dislocations in GaN film on sapphire in
comparison with the use of the geometry of a regular diffrac-
tional reflexion of a beam from the symmetric and asymmet-
ric crystallographic planes. However, a drawback of the ge-
ometry of a sliding fall is that the screw dislocations are not
revealed, while the measurement of the maps of scattering in
the geometry of a regular diffractional reflexion from the sym-
metric and asymmetric planes allows us to divide the contri-
bution of the sprouting boundary and screw dislocations. The
values of the total density of the dislocations are confirmed by
determination of the density of the pits of etching.

The epitaxial multilayered heterostructure on the basis of
GaN is characterized by an elastic stress, which is due to sev-
eral factors: 1) differences in the coefficients of thermal ex-
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pansion of GaN and of the substrate material (the coefficient

begins to play its role during cooling of a plate from the tem-

perature of growth down to the room temperature, and as a

result, the GaN layer on Al2O3 substrate becomes com-

pressed, and on the 6H-SiC substrate — stretched); 2) non-

uniform heating of the heterostructure in the process of the

epitaxial growth; 3) discrepancy of the constants of the GaN

lattice and the substrate material; 4) formation of defects in

the process of the epitaxial growth (usually this leads to a

stretching elastic stress). The elastic stress arising in a film can

cause bending of a plate [34]; occurrence of cracks in the film

[35]; delamination of the film from a substrate; and formation

of dislocations of discrepancy [36]. The radius of curvature of

plate R is determined by Stoney formula:

R = , (2)

where Esubstrate and substrate— Young modulus and Poisson's

ratio of the material of the substrate, hsubstrate and hfilm —

thicknesses of the substrate and the film, film — elastic stress

in the film. Stoney formula is applicable to the thin intense

films on the relatively thick substrates (hfilm n hsubstrate). The

film deflection z is determined by the following expression:

z  , (3)

where D — diameter of a plate. Usually, the plates with the

nitride structures have the curvature radius of 5...10 m, and

the deflection of the two-inch plates equals to 30...60 mi-

crometers [37]. In case of a strong elastic stress of a film the

curvature of a plate becomes not spherical, but cylindrical.

The curvature of a plate, just like presence of dislocations in

a heterostructure, leads to broadening of -peaks. The con-

tribution of the curvature of a plate to this broadening be-

comes especially noticeable during research of the high-qual-

ity nitride heterostructures with a small density of the dislo-

cations. In [38] the authors demonstrated, that at a reflexion

from the symmetric planes (0006) a contribution of the cur-

vature of a plate can be minimized by reducing the height of

the x-ray beam by means of changing the width of the colli-

mator crack (fig. 9), or by using not the whole plate, but its

small fragment (with the area of several square millimeters);

however, at that, the intensity of the reflected beam will be re-

duced. For the arsenide structures due to their rather small

elastic stress ( 10 P  in comparison with 450 P  in the

nitride heterostructures) the influence of the curvature of a

plate on the semi-width of -peaks is considerably less.

3. Capacity-voltage Method of Research

of the Heterostructures

The capacity-voltage measurement of the parameters of

the semiconductors are based on determination of the de-

pendence of the capacity of a structure, which is due to the

presence of a volume charge in the near-surface area of the

semiconductor, on the voltage applied to it [39]. Simultane-

ously the structure may be influenced by the other factors,

which can vary during the measurements. Among them are

the influence on the structure of an external photoactive ra-

diation and its heating under a certain law. The capacity aris-

ing due to absorption of radiation, in the first case is called

photocapacity, and in the second case — thermostimulated

capacity. Another distinctive feature of the methods is pres-

ence of two electric signals supplied to the structure. The first

signal is a constant voltage (bias voltage), which ensures sup-

port for the working point of the device, and the second signal

is an alternating voltage of a small amplitude (measuring sig-

nal), necessary for measurement of the capacity of the struc-

ture. The capacity-voltage methods are based on the electron

theory of the near-surface area of a spatial charge and differ-

ential surface capacity. Therefore, an important point of the

measurement is understanding of the physical processes oc-

curring in the semiconductor structures, which lead to ap-

pearance of a capacity.

The nanosized structures are practically always created on

the basis of the films with thickness of tens (units) of nanom-

eters or from thin-film multilayered structures [40]. It is clear,

that during transportation of the electrons lengthways or

across a film or a structure the basic influence on the proc-

esses will be rendered by the boundary (interface) parameters

and the near-surface areas. The electrons are captured by the

local levels on the boundary, which leads to formation of the

embedded charges. The role of such surface charges can also

be played by an external electric field.

If an electric field is applied to the condenser, one of the

facings of which is a semiconductor plate, an induced charge

appears near its surface. This charge is created by the mobile

charge carriers, which are present in a semiconductor. The

appearing charge shields the rest of the volume of the semi-

conductor from penetration of an external electric field.

Depending on a correlation of the work functions (Fermi

levels) of the materials and conductivity of a semiconductor

during a contact of a metal with a semiconductor, four situ-

ations are possible. In two situations appearance of an en-

riched layer is observed, and in two other ones — of a depleted

and even inverse layers. If an enriched layer is obtained, then

for the charge carriers during their movement from a material

into a material no potential barrier will be formed. If the layer

turns out to be impoverished, there is a potential barrier. This

barrier is called Schottky barrier (Schottky diode) [41].

The form of such a barrier essentially differs from the form

of the barriers with nonmetallic substances. The most impor-

tant thing is that the barrier’s top has a triangular form, i.e.

its thickness obviously decreases, when the energy of particles

approach the top. As a result a possibility appears for a tunnel

transition, the probability of which raises with approaching of

the top of a potential barrier.

Fig. 10 presents a typical power diagram of a metal-sem-

iconductor transition of n-type in an equilibrium state (with-

out an external electric field). The same figure presents a dis-

tribution of the charge carriers. Since there are much more

electrons in the metal, only a part of it is visible [42].

In the contact plane here there is a rupture of zones EC;

there are two potential barriers and they are different in values:

E  is a barrier for the electrons of the metal, and q 0 — for

the electrons of the semiconductor.

In order to calculate the distribution of the electric po-

tential in the contact place, it is necessary to solve Poisson

equation. In case of depletion (there are no charge carriers in

the depleted layer near the metallurgical boundary) the charge

in the depleted area with the length of  is determined by the
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charges of the ionized donors of ND. In this case the equation

will produce the following results (fig. 11):

E = ND(  – x); (4)

 = – ND(  – x)2 + / , (5)

here s — dielectric permeability of the semiconductor.

From equation (5) we can get  = , where

0 — contact potential difference and U — applied voltage.

The spatial charge is in the semiconductor [43]

Qs = qND S = S , (6)

where S — area of Schottky transition.

By definition, the capacity is the speed of change of a

charge during the change of the applied voltage, i.e. C  .

Change of the charge in the transition is connected with a

change of the thickness of the depletion area, which depends

on the applied voltage. Thus,

C = S  = . (7)

Let us express the full voltage, applied to the transition,

through the capacity:

0 – U = . (8)

This correlation shows that the diagram of the dependence

of a square of value, inverse capacity, on the bias voltage

should be a straight line. Knowing the inclination of this line,

it is possible to determine the level of doping of semiconduc-

tor ND, while the point of crossing of the straight line with the

axis of abscissa gives value 0. In practice the most serious dis-

crepancy arises at definition of 0 on crossing of the diagram

with the axis of voltage; as far as the inclination of the curve

is concerned, it usually allows us to determine precisely

enough the concentration of an impurity.

The equivalent scheme of Schottky diode is presented in

fig. 12 [44, 45].

Resistor Rs is the resistance of the volume of the semi-

conductor (resistance of base), and Rp — nonlinear resist-

ance of Schottky transition proper, depending on the applied

voltage.

The installation for measurement of the capacity-voltage

characteristics is a software-hardware complex, which is used

to supply two signals to the heterostructure for measuring of

the capacity. The first signal develops the bias voltage ensur-

ing support for the working point of the device (a certain

bending of the zones), the second one is a measuring signal

in the form of an alternating voltage, which allows us to de-

termine the differential capacity of a heterostructure. The

scheme of the installation, on which the measurements are

done, is presented in fig. 13.

Conclusion

The specific features of the crystal structure of the heter-
ostructures on the basis of semi-conductor compounds of
group A3B5 are more convenient and can be most easily di-
agnosed by means of photoluminescence spectroscopy, x-ray
diffractometry and measurements of the capacity-voltage
characteristics (as far as the optical microscopy is concerned,
it is actively used, too, but it provides limited information and
only about the state of the surface of the heterostructures).
These are nondestructing methods (provided that equipment
makes it possible to insert the investigated plate entirely in it).
They are effectively applied for diagnostics of the heter-
ostructures on the basis of arsenides (Al, Ga, In)As and ni-
trides (Al, Ga, In)N. The photoluminescence spectroscopy
allows us to estimate the concentration of the dot defects (in-
cluding the undesirable background impurities) in a heter-
ostructure. The x-ray diffractometry allows us to estimate the
density of the two-dimensional (including various disloca-
tions) and three-dimensional defects in a monocrystal mate-
rial, composition and thickness of the layers of a heterostruc-
ture, and the elastic stresses in them. The general technique
of the analysis for the arsenide heterostructures and the nitride
heterostructures is very similar, however, in case of the nitride
heterostructures it is necessary to consider much bigger values
of the elastic stresses and curvatures of the plates, which re-
sults in a bigger shift of the peak of the boundary/near-bound-
ary photoluminescence, and also to a wider peak on -curves
of the diffractional reflexion; the latter circumstance leads to an
overestimated estimation of the density of the dislocations and
demands minimization of the curvature effect of the plates.

Out of the electrophysical methods of the nondestructing
control the most widely applied is the capacity-voltage meth-
od. It allows to determine the distribution of charges by the
depth of a heterostructure and to reveal the doping areas, the
charged centers and the electrons in a quantum well.

The work was done with a financial support of the Ministry
of Education and Science of Russia (grant agreement

14.607.21.0011, the unique identifier of the project —
RFMEF160714X0011).
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Fig. 4. General view of the cut of a plate from
a polycrystalline diamond by the method of
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Fig. 5. View of the crystalline particles of the
polycrystalline diamond plate after the laser
plasma-chemical cutting and chipping
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Introduction

In the semiconductor microelectronics the hard materi-
als of plates are represented basically by sapphire and silicon
carbide. The problem with their splitting into crystals is de-
termined by their hardness and fragility and also by the fact
that the elements generated on a plate and the inter-element
bonds require high precision of splitting, and lack of it results

in high waste. The received crystals are the preparations for
manufacture of the semiconductor devices, therefore, the
quality requirements to the splitting operation are very high.

As a rule, splitting of a plate into crystals is carried out
at the final stages of the production cycle, at that, a plate
comprises a lot of labor and material inputs, which deter-
mine its high cost and responsibility of the splitting, and its
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Semiconductor plates of sapphire with diameter of 52 mm and thickness of 90 micrometers were split into separate crystals by
means of the method of laser controlled thermosplitting. Research was done concerning cutting of the polycrystalline diamond plates,
as a result of which the method of fragmentation of plates into crystals was offered — the laser plasma-chemical method of cutting.
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important place in manufacture of the semi-conductor de-
vices.

Regardless of the method of splitting of a plate into crys-
tals, the basic requirements to the operation are the following:

— high percent of output of the suitable crystals;
— high efficiency of the equipment;
— geometrical precision of the crystals;
— low level of chipping along the edges of the crystals;
— economic efficiency.

Methods of splitting of the semi-conductor plates
from hard materials into crystals

IUHFSE of RAS in cooperation with partners applies var-
ious methods of splitting of the semi-conductor plates into
separate crystals [1, 2].

Through splitting of a plate into crystals by a disk cutting with
a correct selection of the modes and tools gives a chance to re-
ceive cuts without chipping and with strictly vertical sides of the
crystals. However, under certain conditions the method is inap-
plicable, because of the high costs of the expendable materials [1].

Use of the laser controlled thermosplitting (LCT) [3, 4]
ensures high efficiency and faultless edge, several times in-
creasing the products’ durability.

By means of LCT splitting of the sapphire plates (with di-
ameter of 52 mm, thickness of 90 m) with structures into crys-
tals was realized. The cutting was done on MLP1-1060/355 in-
stallation. During cutting of plates in the first direction, origi-
nally, on the brink of a plate short notches were done ensuring
"origin" of the dividing cracks by LCT method. During cutting
in the second direction, in order to ensure through dividing
cracks, a superficial notch was done along all the line of a cut.
As a result of the subsequent heating of the line of the cut by

2 laser beam and subsequent cooling of the zone of heating
by means of a coolant a through dividing crack was formed. The
speed of cutting of the plate by LCT method was 450 mm/s.

For making of local notches with the length of 150 microm-
eters on the brink of a plate during cutting in the first direction
and making notches along all the length of the cut in the second
direction an UV laser was used with the wavelength of radiation
of 355 nm. The depth of the notch was 12—15 m, and its
width — 8—10 m. Fig. 1 demonstrates the cutting module,
and fig. 2 — the result of splitting of the sapphire plates into
separate crystals by LCT method, which ensured high quality,
both in the first and in the second directions.

IUHFSE of RAS developed the method of fragmentation
of plates into crystals — the laser plasma-chemical method of
cutting. The essence of the method is that the process takes
place in a low pressure plasma, in the atmosphere of gases,
which, in the ionized state, interact actively with the surface
of the semiconductor plate from a hard material and trans-
form it into the volatile compounds, which are evacuated
from the reaction chamber by means of a vacuum pump [5].

Plasma is ignited in the focus of a laser beam and can
move in the necessary direction on the processed surface, ei-
ther by means of an optical system, or by means of a me-
chanical movement of the sample itself. The speed of cutting
via various crystallographic axes is practically the same. The
method is free of the basic and most important drawback of
the traditional laser cutting, which is emission of a material
from the area of cutting and its sedimentation on the formed

instrument structures, which is absolutely inadmissible in
transition to topology of the nanosized devices [6].

In the given case it was a copper vapor laser with the wave-
length of 510.6 nm and 578.2 nm, pulse repetition frequency
of 10 kHz and duration of pulses of 20 ns. The average radiation
power in the beam was 10 W, the peak radiation power —
50 kW, coefficient of efficiency — 1 %, bean diameter —
20 mm, focusing spot — 10 m, and the beam divergence was
close to the diffraction one. As the plasma-forming gas environ-
ment CF4 + O2 mixture was used and also mixture of O2 + Ar.

Fig. 4 and 5 present the results of the laser plasma-chem-
ical cutting of a diamond polycrystalline plate. As it is possible
to notice, the given method of cutting ensures absence of ex-
traneous carbon materials on the plate surface.

Fig. 5 demonstrates comparison of the result of the laser
plasma-chemical cutting (left part) and chip of the plate (right
part). Apparently, they are identical, which proves absence of
modification of the polycrystalline diamond in the method of
laser plasma-chemical cutting.

Conclusion

Splitting of plates into separate crystals containing the
formed semiconductor devices requires high precision. The
method of the laser controlled thermosplitting can ensure
high efficiency and a faultless edge, which improves durability
of the products.

An advantage of the method of the laser plasma-chemical
cutting in a low-pressure plasma and in a gas atmosphere is
the absence of the material exhausted from the cut area and
of its sedimentation on the already formed instrument struc-
tures, which plays an important role in transition to the to-
pology of the nanosized devices.

The work was done with the financial support of the Ministry
of Education and Science of the Russian Federation (grant
agreement 14.607.21.0011, unique project identifier —
RFMEF160714X0011).
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