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In 2022, we are celebrating the 50th anniversary of the “Jaszowiec” International School & Conference
on the Physics of Semiconductors. One of the highlights of this anniversary was the reminiscence session
at the Jaszowiec 2022 meeting, recalling the most important achievements in the field of semiconductor
physics and technology in the institutions organising the Conference. This paper aims to highlight
the accomplishments of the Institute of Electron Technology, Warsaw, with particular emphasis on
II–VI and III–V compounds and their application in electronic and optoelectronic devices. Specifically,
the review covers narrow-gap HgCdTe for galvanomagnetic devices, GaAs-, GaP-, InP-, and GaSb-
based materials for optoelectronics and photonics, SiC and GaN for radio-frequency and high-power
electronics, and finally ZnO and InGaZnO for transparent electronics and sensors. Research results on
device physics, material development, device design, and processing are presented.
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1. Introduction

2022 marks the 50th anniversary of the
“Jaszowiec” International School & Conference on
Physics of Semiconductors.

This paper is an addendum to the presenta-
tion “50 years of Compound Semiconductors at the
Institute of Electron Technology, Warsaw”, which
was given during the reminiscence session of the
“Jaszowiec 2022” meeting, held in June 2022. The
main goal of the paper is to outline the most impor-
tant accomplishments of the Institute of Electron
Technology (ITE) in the area of III–V and II–VI
compound semiconductors. The intention is also to
commemorate the people who laid the foundation
for this research and inspired next generations of
researchers. Where useful, the paper also addresses
the issue of research infrastructure.

Three main parts of the paper correspond to
the time periods, in which there were fundamen-
tal changes in the organization of institute research.
The first is the period when ITE was part of the
Polish Academy of Sciences, the second is the time
of activities in the Semiconductor Research and
Production Centre, and the third started with ob-
taining a legal personality and joining the European
Research Area.

2. Foundation of the Institute of Electron
Technology, Polish Academy of Sciences

(ITE PAN)

There are three dates that mark the beginning of
ITE PAN.

• In 1952, Professor Janusz Groszkowski was
appointed as the head of the newly created
Department of Electronics at the Division of
Technical Sciences of the Polish Academy of
Sciences with the mission of conducting fun-
damental and applied research in the novel
emerging discipline — semiconductor elec-
tronics.

Professor Groszkowski was a person of outstand-
ing scientific achievements and merits, a highly re-
spected man. After graduating from the Warsaw
Polytechnic (now the Warsaw University of Tech-
nology), he was one of the youngest professors of
this academy, and at the same time the founder
and director of the Institute of Telecommunication.
Groszkowski was also a renowned specialist in the
field of radio engineering, the father of Polish elec-
tronics. During the Second World War, he took part
in the resistance movement, and in the course of his
underground activity at the Warsaw Polytechnic, he
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was the one who decoded the control system of the
German V2 missiles. After the Second World War,
he was a professor at the Warsaw Polytechnic, Fac-
ulty of Telecommunication (later Electronics) and
a member of Polish Academy of Sciences, and for
several years its president [1]. Therefore, this was
the first seed that led to the creation of the Insti-
tute of Electron Technology.

• In 1953, the Department became part of the
Institute of Fundamental Technological Re-
search, Polish Academy of Sciences (IPPT
PAN).

• Finally, in 1966, ITE was formally established,
being organized on the basis of three units:
the Department of Electronics and the De-
partment of Magnetics of the Institute of
Fundamental Technological Research, Polish
Academy of Sciences, and the Department
of the Semiconductor Technology of Institute
of Physics, Polish Academy of Sciences. The
first director of ITE was Professor Bohdan
Paszkowski, and the scientific deputy director
— Professor Witold Rosiński. And again, two
excellent scientists, Professors of the Warsaw
University of Technology, Faculty of Electron-
ics, took the lead of the Institute [2, 3].

The laboratories of the Electronics Department
PAS were initially located in the Staszic Palace at
Krakowskie Przedmieście, and partly in the building
of the Radio Engineering at Koszykowa 57 at the
campus of the Warsaw University of Technology.
Then they were transferred to Świętokrzyska 21, to
the Bank’s building, until the completion of the final
premises at al. Lotników 32/46.

Working conditions in the Institute at that
time were truly Spartan, with technological equip-
ment built independently, and parts obtained wher-
ever possible [4]. Many electronic measuring in-
struments were constructed according to the re-
searchers’ own designs. But the staff was enthusi-
astic, composed mostly of young graduates from
the Faculty of Communication (later Electronics)
of the Warsaw University of Technology, former
students of Professor Groszkowski. It should be
emphasized that the Professor was not only out-
standing scientist and respected lecturer, but also
a very warm person widely admired by students and
staff.

In the ITE PAN’s laboratories, the first Pol-
ish germanium and silicon diodes and transistors
were developed, together with the first optoelec-
tronic devices — gallium arsenide infrared radia-
tion sources shown in Fig. 1 [5, 6], and silicon pho-
todetectors. Also, world’s most original technolo-
gies of manganese–cobalt and manganese–cobalt–
aluminium thermistors and mercury cadmium tel-
luride (HgCdTe) Hall generators were elaborated
there.

Fig. 1. First optoelectronic devices fabricated at
ITE PAN [5–6]: (a) GaAs LED 3 (1964), (b) GaAs
laser diode (1965).

Fig. 2. Hall probe RHXP22 (Cd0.09Hg0.91Te) [10].

At this point, it is worth mentioning that the al-
loy system HgTe–CdTe was then a hot topic of semi-
conductor physics and the subject of very intensive
fundamental and applied research. In particular, it
was the focus in a number of early national seminars
on the AIIBVI group semiconductors in Jaszowiec.

HgCdTe is characterised by a continuous transi-
tion from negative to positive energy gap with vary-
ing CdTe content, enabling the operation of semi-
conductor detectors in the range 1–15 µm. Other
features are extremely small effective masses (of the
order of 0.0004m0) and, related to them, very high
mobilities (over 106 cm2/(V s) at 4.2 K) for compo-
sitions close to 9 at% CdTe. All this made it possible
to construct galvanomagnetic devices and this was
the direction that Doctor Stanisław A. Ignatowicz
and his team at ITE have chosen. The originality
of their approach relied on the use of CdxHg1−xTe
in the form of a thin film and the choice of mica
as the substrate material. The result of extensive
work, involving the study of electrical properties
and microstructure, was the development of an orig-
inal technology of the thin CdHgTe films fabrication
by using vacuum deposition techniques and thermal
treatment in a mercury vapour and argon atmo-
sphere [7–9]. They were successfully applied in vari-
ous model devices, i.e., basic model shown in Fig. 2,
double Hall-probe, ferrite Hall-probe, and helium
Hall-probe [10–12]. It should be stressed that all
these devices, as well as other developed in the
Institute, were produced on laboratory scale at the
Experimental Manufacturing Unit of ITE PAN.
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3. Institute of Electron Technology
in the Semiconductor Research

and Production Centre

3.1. III–V semiconductors for optoelectronics

From the very beginning, the hallmark of ITE
was optoelectronics based on III–V semiconductors.
The research behind it was initiated and guided,
for more than twenty years, by Professor Bohdan
Mroziewicz, one of the most brilliant and distin-
guished ITE scientists, professionally active until
the last years of his life.

The onset of the optoelectronic research can be
formally associated with the fabrication of the first
GaAs light-emitting diodes (LEDs) in 1964, fol-
lowed by the first GaAs laser diode in 1965. In
the 1970s, research covered the entire spectrum of
compound semiconductors based on GaAs, GaP,
and InP.

An important factor defining the character of
these research was the transfer in 1970 of ITE
from the Polish Academy of Sciences to the newly
created Semiconductor Research and Production
Centre (NPCP), where ITE was to provide novel
solutions for the TEWA semiconductor factory. To
cope with this task, the research laboratories have
been organised in such a manner as to ensure a com-
plete value chain, from device design to final mea-
surements and reliability tests.

The basic technologies for the fabrication of III–V
optoelectronic structures were liquid-phase epitaxy
and diffusion. Single and double heterostructures
AlGaAs/GaAs on GaAs substrate, GaP and InGaP
on GaP substrate, and InGaAsP on InP substrate
were developed. Several material-dedicated LPE re-
actors were built for this goal. At the same time,
an effort had been undertaken to create a clean
room with a complete technological line for process-
ing of the III–V device structures. It was the first
and for decades the only technological laboratory of
this type in Poland, constantly modernized, cooper-
ating with many research institutions, and provid-
ing research services. Without risk one can say that
most of the III–V and II–VI semiconductor samples
in Warsaw received ohmic contacts there.

The research and development (R&D) works im-
plemented in the industry included a whole range of
different types of III–V optoelectronic devices, the
most important of which are GaAs infrared LEDs,
AlGaAs (λ = 670 nm), GaP (λ = 690 nm), GaAsP
(λ = 660 nm) red LEDs, GaInP (λ = 565 nm)
green LEDs, GaAsP semiconductor displays, fiber
optic diodes based on the double heterostructure
AlGaAs/GaAs (λ = 0.8–0.9 µm), GaInAsP/InP
(λ = 1.3 µm), PIN photodiode GaInAsP/InP (λ =
1.3 µm), and finally double heterostructures Al-
GaAs/GaAs high-power infrared lasers, and double
heterostructure GaInAsP/InP lasers for the 1.3 µm
band. A few examples of LEDs and LDs in serial
production are displayed in Fig. 3.

Fig. 3. (a) Infrared GaAs LEDs (1967) [14], (b)
red (AlGaAs) and green (GaInP) LEDs (1974) [14],
(c) red GaAsP display (1975) [14], (d) GaAs LD
(1966), (e) GaAs LD (1967) [14], (f) DH Al-
GaAs/GaAs IR high-power LD (1984) [14], (g) DH
AlGaAs/GaAs fiber optic LEDs (1986) [14].

A more detailed description of R&D activity in
the field of III–V optoelectronics can be found in
the review paper [13], which is part of the special
volume of “Elektronika”, celebrating 20 years of ITE
PAN/CEMI (CEMI — Naukowo-Produkcyjne Cen-
trum Półprzewodników). The overall picture, seen
from the perspective of half a century, is described
in the golden jubilee paper [14].

The above success resulted from the joint effort of
many people at the Institute. The close cooperation
of various teams was absolutely necessary. Technol-
ogy of advanced semiconductor devices required not
only progress in terms of epitaxial growth, but also
in every individual processing step. One of them
was the ohmic metal/semiconductor contacts tech-
nology.

3.2. Metallization and processing of III–V
semiconductor structures

The term “ohmic” refers in principle to a contact
that is noninjecting and has a linear I–V charac-
teristics in both directions. In practice, a contact
is considered ohmic if the voltage drop across it is
much smaller than that across the device. The lin-
earity of the I–V relationship is less important, pro-
vided that the contact resistance is very small com-
pared with the device resistance. The most relevant
parameter describing the electrical performance of
the ohmic metal/semiconductor (m/s) contact is its
resistivity given by ρc = [(dJ/dV )|V+0]−1. Other
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important features of ohmic contacts in semicon-
ductor devices are their structural homogeneity,
fine pattern capability, smoothness of surface and
m/s interface, limited in-depth penetration, limited
stresses, high electrical and thermal conductivity,
high corrosion resistance, and high reliability.

The vast majority of m/III–V combinations form
depletion layer contacts (usually rectifying or block-
ing), and the conduction properties of such con-
tacts are dominated by the actual transport mech-
anism, which can be due to (i) thermionic emission
(TE) of carriers over the top of a barrier (which
give rise to current rectification), (ii) thermionic-
field emission (TFE), i.e., tunnelling of hot carriers
through the top of the barrier (when high doping
levels of semiconductor narrow the depletion layer),
and (iii) field emission (FE), i.e., carrier tunnelling
through the entire barrier, which is the preferred
mode of current transport in ohmic contacts. In this
case, rc is determined predominantly by the factor
exp(ΦB/Eoo), where ΦB is the barrier high and

Eoo =
qh

2
√
ND,A/(m∗ ε)

(1)

is the tunnelling parameter. Here, ND,A is the
dopant concentration, m∗ is the effective mass of
tunnelling carriers in the semiconductor, ε its per-
mittivity, q is electronic charge, h is Planck’s con-
stant. In fact, Eoo is a very useful parameter in
predicting the blocking or ohmic characteristics of
a metal–semiconductor contact. For kBT/Eoo � 1,
the thermionic process dominates and the contact
behaves as a Schottky barrier. For kBT � 1, the
field emission dominates and the contacts exhibit
ohmic characteristics.

Therefore, there are basically two possible ways
to achieve ohmic contact. One consists of having or
creating a highly doped subcontact region adjacent
to the metal. In such a case, the barrier width is so
thin that field emission dominates and the contact
is ohmic. The second approach consists of having
a low potential barrier at the metal–semiconductor
interface. The properties of the contact depend con-
siderably of the choice of metallic layers (includ-
ing dopant, which should be introduced into the
subcontact film during thermal processing), their
thickness, composition and method of deposition,
surface preparation, and heat treatment procedure.
An overview of fabrication techniques of ohmic con-
tacts to III–V semiconductors can be found in ref-
erences [15–18].

In practice, gold-based metallizations deposited
by vacuum techniques and subjected to heat treat-
ment were commonly used. They presented a num-
ber of advantages, in particular sufficiently low con-
tact resistance, but also had a number of serious
drawbacks, the most important of which was the
nonhomogeneity of the metal/semiconductor inter-
face and deep protrusions penetrating the semicon-
ductor subcontact region, which translated into lim-
ited reliability.

Consequently, comprehensive research was un-
dertaken at ITE to better understand and con-
trol the processes of ohmic contact formation. The
focus was on contacts to GaAs [19–36], compar-
ative studies involved contacts to InP, GaP, and
GaSb [20, 37–42]. Metallizations were deposited
by vacuum evaporation, and post-deposition heat
treatments were performed in the flow of H2 or
H2/N2. Several complementary techniques, namely
XRD (X-ray diffraction), EDX (energy-dispersive
X-ray spectroscopy), RBS (Rutherford backscatter-
ing spectrometry), SIMS (secondary ion mass spec-
trometry), SEM (scanning electron microscopy),
and XTEM (cross-sectional transmission electron
microscopy), were used to characterise the evolu-
tion of contact microstructure at various stages of
contact formation.

An important aspect of the applied research
methodology was the analysis of the escape of
volatile group V elements from the contact area,
for which the technique of their quantitative mea-
surements — the so-called Cr-collector method —
was developed [22]. The method relies on the use
of a thin Cr film to capture volatile species, and
their subsequent analysis is performed with the RBS
technique. Cr-collectors were prepared by sputter
deposition of 100 nm thick Cr film onto Si/SiO2

substrates. During thermal processing, they were
placed face-to-face on top of the metallized semi-
conductor surfaces.

Much of the knowledge about the mechanism
of formation Au-based ohmic contacts was derived
from the thermal reaction of pure Au with ele-
ments from the groups III–V. The marked ability
of the group III element in the semiconductor sub-
strate to react with gold appeared to be a com-
mon feature of the investigated systems. No reac-
tion product involving the group-V element was
observed in contacts on GaAs and GaP, whereas
the Au2P3 phase was identified in contacts on
InP [37, 38] and the AuSb2 phase in contacts
on GaSb [41, 42].

Ternary phase diagrams were helpful in interpret-
ing these data, if used carefully, as they refer to
closed systems, while conventional contact anneal-
ing is performed in open systems where evapora-
tion of group V elements is possible. The most no-
ticeable effect of closing the contact system dur-
ing heat treatment was observed for Au/GaAs con-
tacts [19, 20, 40]. In an open system, gallium re-
acted with GaAs to form double phases (α-AuGa,
Au7Ga2), Au2Ga, AuGa), while arsenic evaporated
through the metal layer at a higher rate than
for the free GaAs surface. The alloyed metalliza-
tion appeared highly nonuniform both laterally and
vertically with respect to the initial semiconduc-
tor surface. A typical picture of the resultant in-
terface consisted of metallic inclusions, rectangu-
lar on the (100) surface, triangular on (111), pen-
etrating GaAs to a depth of the order of the
thickness of the Au layer. In a closed system,

578



50 Years of Compounds Semiconductors. . .

Fig. 4. The RBS (2 MeV He+) spec-
tra of as-deposited and heat treated (at
420◦C for 3 min) standard metallization
40 nm Au/40 nm Zn/274 nm Au/p-GaAs an-
nealed either with SiO2 cap or without it [22].

owing to the suppressed vaporization of As, the
reaction between Au and GaAs was restrained,
and the α-AuGa phase was stable in contact
with GaAs.

The introduction of dopants into Au metalliza-
tion caused important changes in the kinetics of
the contact reaction and the phase composition of
the contact region. In order to clarify these issues,
a series of experiments comparing the annealing be-
haviour of Au(Zn)/p-GaAs, Au(Ge)/n-GaAs, and
Au(Te)/n-GaAs were performed [21–28]. Zn, Te,
and Ge were chosen as dopants, which are elec-
trically active when placed in the GaAs lattice on
specific sites. Thus, Zn occupies Ga sites, Te re-
quires As vacancies to be active, Ge is an ampho-
teric dopant. In order to precisely control the initial
composition of the metallization, it was deposited
in the form of a layered structure. The contacts
were annealed in two configurations — either with
or without an encapsulating SiO2 layer. It was ex-
pected that in a closed system, the thermally acti-
vated reaction between Au and GaAs preferentially
creates the Ga vacancies required for Zn and Ge
atoms to form acceptors and donors, respectively.
As for arsenic, which is insoluble in Au, it could
accumulate at the metal/GaAs interface and/or cre-
ate antisite AsGa defects. Thus, annealing under the
capping layer may reduce the availability of the As
vacancies in the interfacial region, and the Te atoms
would serve as a probe for the availability of such
sites.

The most meaningful result of these experi-
ments was the dissimilarity of Au(Te)/n–GaAs
contacts annealed in a closed system. While
both the Au(Zn)/p–GaAs and Au(Ge)/n–GaAs

Fig. 5. The RBS (2 MeV He+) spectra of Cr collec-
tors annealed in contact with unprotected and SiO2-
capped 40 nm Au/40 nm Zn/274 nm Au metalliza-
tion on GaAs [22].

contacts exhibited excellent ohmic properties
when annealed with an insulating cap, the
Au(Te)/n–GaAs contacts exhibited rectifying be-
haviour over the entire range of processing tem-
peratures and times. The annealing behaviour of
the capless Au(Zn)/p–GaAs, Au(Ge)/n–GaAs and
Au(Te)/n–GaAs contacts was similar, i.e., it was
characterised by a minimum of the specific con-
tact resistance as a function of the annealing
temperature.

The development and final microstructure of the
contact region was strongly dependent on a par-
ticular dopant (its reactivity with Au and GaAs)
and annealing conditions (use of the capping layer).
In the following, we summarize the results for
Au(Zn)/p–GaAs contacts [21–24, 27–29].

Figure 4 displays RBS spectra of as-
deposited and annealed 40 nm Au/40 nm Zn/
274 nm Au/p–GaAs metallization, heat treated at
420◦C for 3 min either with protecting SiO2 cap
(Tkc) or unprotected (Tk), while in Fig. 5, RBS
spectra of the corresponding Cr-collectors annealed
together are shown. The heat treatment parameters
have been optimized to obtain the minimum of the
specific contact resistance. It was found that the
application of Si/SiO2/Cr probing samples did not
alter the rate of the Au(Zn)–GaAs reaction.

The following characteristic features should be
pointed out. First, the low-energy step in the Au
spectrum of the as-deposited sample ensues from
the low-temperature interaction of Zn and Au and
the consequent formation of the AuZn (50 at.%)
phase at the metal/semiconductor interface. Sec-
ond, the decrease in the height of the Au spec-
trum of the annealed contact results from the in-
teraction of Au with GaAs. Computer simulations
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TABLE I

Outcome of contact reaction for standard metallization of 40 nm Au/40 nm Zn/274 nm Au/p-GaAs annealed
either with protecting SiO2 cap (Tkc) or unprotected (Tk)

Contact
material

Heat treatment Phase
composition

Ga content in Au As loss NAs

[atom/cm2]T [◦C] t [min] [at%] NGa [atom/cm2]
Tk 420 3 Au3Zn

α-Au3Zn 11 1.2× 1017 1.1× 1017

Tkc 420 3 Au3Zn
α-Au3Zn 0.7 7.4× 1015 7.2× 1015

Fig. 6. Relationship between As loss, specific re-
sistance and temperature of heat treatment for
unprotected and SiO2-capped Au(Zn) contacts to
GaAs. Standard metallization of the thickness
40 nm Au/40 nm Zn/274 nm Au and thin metalliza-
tion 10 nm Au/10 nm Zn/30 nm Au were used [22].

of RBS spectra using the RUMP code indicated
that metallization annealed without a SiO2 cap con-
tains about 11 at.% of Ga atoms, while in a cap-
annealed metallization, the amount of Ga atoms
was about 0.7 at.%.

The arsenic signal in the RBS spectra from Cr
collectors is well separated from the Cr signal. This
allows for precise determination of the amount of
As in the Cr matrix of the collector. The number of
As atoms trapped in the Cr layer was determined
by comparing the integrated yield in the As peak
with the height of the Cr peak, i.e.,

NAs =
AAs

HCr

σCr

σAs

E

[ε]Cr
Cr

. (2)

Here, NAs is the total amount of arsenic atoms
(given in atom/cm2), AAs is the integrated yield
in the As peak, HCr is the height of the Cr
peak, σCr and σAs are the Cr and As scatter-
ing cross-sections, respectively, E is the energy in-
terval corresponding to one channel, and [ε]Cr

Cr is
the stopping cross-section factor for Cr. The sen-
sitivity of As detection was estimated to be about
0.2× 1015 atom/cm2 and the efficiency of collecting
As atoms to be about 90%.

The total amount of arsenic loses and the cor-
responding specific contact resistances are shown
in Fig. 6. In Table I, the outcome of the contact
reaction for standard metallization is summarized.

These data confirm that the thermally induced
decomposition of GaAs strongly depends on both
the presence of the capping layer and the thickness
of the metallization. By using 200 nm thick insulat-
ing caps, the loss of As can be reduced by a factor
of 20. Decreasing the thickness of Au(Zn) enables
a further reduction in the GaAs decomposition. In
particular, the formation of the thin ohmic con-
tact 10 nm Au/10 nm Zn/30 nm Au was accompa-
nied by a loss of As of only 6 × 1014 atom/cm2,
which corresponds to the release of one monoatomic
GaAs layer (6.25 × 1014 atom/cm2). This suggests
that the ohmic character is determined by the suit-
able arrangement of the bonds involving the dopant
atoms at the very intimate metal–semiconductor in-
terface, but without creating a finite layer of appre-
ciable thickness.

In Figs. 7 and 8, plan view TEM (trans-
mission electron microscopy) images and corre-
sponding diffraction patterns of 80 nm Au and
20 nm Au/10 nm Zn/60 nm Au metallizations, re-
spectively, were juxtaposed in as-deposited, capless,
and cap-annealed states [29]. The results show that
a very limited number of metallic intrusions have
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Fig. 7. Plan view TEM of 80 nm Au films: (a) un-
processed, (b) capless annealing at 420◦C for 3 min,
(c) annealing with a cap in the same conditions [39].

Fig. 8. Plan view TEM of 20 nm Au/10 nm
Zn/60 nm Au films: (a) unprocessed, (b) capless
annealing at 420◦C for 3 min, (c) annealing with
a cap in the same conditions [39].

formed in the capped contacts. While in the cap-
less annealed Au/GaAs contacts, the intrusions con-
tained about 8 at.% Ga, in the cap-annealed con-
tacts there was less than 1 at.% Ga. The amount
of Ga in the capless annealed Au(Zn) contacts was
about 3.4 at.%, while in the cap-annealed contacts
it was smaller than 0.2 at.%. XTEM and HREM
(high-resolution transmission electron microscopy)
analyses revealed the formation of R1 Au3Zn phase
at the metal/semiconductor interface of the an-
nealed contact (Fig. 9).

These results can be interpreted in terms of
a thin-film reaction between Au and GaAs. Gold
itself does not react directly with GaAs but is a cat-
alyst that decreases the activation energy of ar-
senic evaporation. In open systems, entropy changes
driven by vapour production are the dominant driv-
ing forces for the thermal reaction between gold and
GaAs. This causes the extended decomposition of
GaAs and the formation of the α-AuGa phase with
a high Ga content. Fast removal of excess gallium

Fig. 9. HREM of the interface between the crystal
grain of the R1 Au3Zn phase and the GaAs sub-
strate [23].

appears to be a necessary condition for arsenic to
evaporate and, conversely, excessive accumulation
of gallium as a factor terminating the evaporation of
arsenic as well as whole reaction. By sealing the con-
tact structure with a protective cap, the overpres-
sure of arsenic exerted on the GaAs surface prevents
excessive decomposition of the semiconductor.

As for the Au(Te)/n–GaAs contacts, no reaction
between tellurium and gold was observed over the
whole range of annealing temperatures. Moreover,
due to its high volatility, Te sublimated in large
quantities from contact annealed in an open sys-
tem. In a closed system, suppression of Te subli-
mation activated the Te–GaAs reaction, while sup-
pression of As vaporization restrained the Au–GaAs
reaction. Ga2Te3 and As2Te3, grown epitaxially on
GaAs, were the main products of the interaction,
apart from unreacted Au and small quantities of
Au7Ga2. In spite of that both Ga2Te3 and As2Te3
are low-bandgap semiconductors, their formation
did not lead to the formation of ohmic contacts to
n-GaAs. Annealing in the open system resulted in
a heavily deteriorated interface, while the metal-
lic film consisted of a mixture of Au and Au7Ga2
phase.

The metallurgy of the Au(Ge)/n–GaAs contacts
presented another picture. There was no influence
of the annealing configuration on the contact mi-
crostructure. The most pronounced feature of the
contacts after heat treatment was the appearance
of isolated Ge islands embedded in the ternary
AuGeAs phase at the metal/semiconductor inter-
face. These upper parts of the metallic layer con-
sisted of Au and Au(Ga) phase. The only differ-
ence was that the cap-annealed contacts exhibited
a smooth surface, while the surface of the unpro-
tected contacts was rough.

The obtained results indicated that the use of
Au as the main metallization component inevitably
implies the choice of such dopants, which are
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electrically active when placed on the Ga sites.
They also indicated that Au-based ohmic contacts
are more controllable than commonly believed. The
beneficial role of using encapsulating cap during
contact annealing has been proven.

The next step towards advanced metallization
systems was to replace the insulating cap, which had
to be removed after the ohmic contact formation,
with conductive capping layers. The metallic cap
should play a dual role — to be an encapsulant that
suppresses the sublimation of volatile components
of the III–V semiconductor under heat treatment
and also to be a diffusion barrier preventing gold
in-diffusion from the Au overlayer used for bond-
ing and interconnection purposes [36]. Among the
possible candidates for a barrier material, refrac-
tory metal nitrides and borides seemed particularly
attractive because they offered an exceptional com-
bination of properties such as high melting points,
high electrical and thermal conductivity, resistance
to corrosion as well as the opportunity to control
their microstructure, including the most favourable
— the amorphous ones. The results of comprehen-
sive research on ZrN, ZrB2, W2B, and a-W55B45

barriers in gold-based ohmic contacts to GaAs, InP,
GaP, and GaSb clearly indicated the superiority of
the amorphous microstructures and directed atten-
tion to the Ti–Si–N, Ta–Si–N, and W–Ta–N sys-
tems [31–36].

The results obtained as a whole were of crucial
importance not only for understanding of the pro-
cess of ohmic formation, but also for practical rea-
sons. The most important technological guideline
resulting from the above research was the rationale
for introducing a cap-annealing into the ohmic con-
tacts technology, allowing for a significant reduc-
tion in the thickness of the contact metallization,
limited decomposition of the semiconductor in the
sub-contact region, and an effective improvement
of contact homogeneity. All this was achieved with
the simultaneous widening of the process window.
At the same time, the merits of diffusion barriers
justified their use in the metallization schemes for
advanced III–V devices.

It is worth mentioning that the SiO2 capping was
successfully used to inhibit Mn interdiffusion in the
CdTe/CdMnTe quantum well structures [43], while
bilayer RuSi/RuSiN metallization was successfully
used as an ohmic contact with increased resistance
to high temperatures for thermoelectric PbMnTe-
based materials [44].

4. Towards low-dimensional
semiconductor structures

For the global III–V optoelectronic industry at
the turn of the 1970s and 1980s it was clear that
almost all the possibilities of classic heterostruc-
tures with p–n junctions had been exhausted, and
new opportunities are being provided by construc-
tions based on the use of low dimensional structures.

Fig. 10. The MBE Laboratory founded at ITE,
headed by Professor Maciej Bugajski.

Consequently, there has been tremendous advance-
ment in technology of semiconductor epitaxial
growth around the world. Together with advanced
lithographic techniques, it has become possible to
produce sub-micrometre stripe structures or pat-
terns with nanometre geometry, such as quantum
wires and dots. Soon, the commercialization of reac-
tors for molecular beam epitaxy (MBE) and metal-
lorganic vapor phase epitaxy (MOVPE) took place
as well as of equipment for electron beam (e-beam)
lithography.

It became clear that without access to this type
of technology in Poland, it would not be possi-
ble to stay at the forefront of semiconductor re-
search. Therefore, an enormous attempt has been
made by the entire scientific community to en-
sure that the awareness of this situation reached
the top decision-makers. The success of this initia-
tive was mainly due to Professors: Marian Gryn-
berg, Jan Gaj, Jacek Kossut, and Tomasz Dietl,
who prepared the organizational framework neces-
sary to implement such an initiative. This is how
the first Commissioned Research Project (Projekt
Badawczy Zamawiany PBZ) Physics and Technol-
ogy of Low Dimensional Semiconductor Structures
for Techniques of the Future Generation (PBZ 101-
15, 1993–1995) was born, which included, among
others, tasks of purchasing and installing MBE and
MOVPE reactors, as well as direct e-beam writer
for patterning low-dimensional structures. This un-
precedented effort has fundamentally changed the
field of semiconductor physics and semiconduc-
tor optoelectronics in the country. In particular,
one of the MBE reactors was installed at ITE
(Fig. 10), and the e-beam writer — at the IF PAN
premises.

5. Interinstitutional Laboratory
of Nanostructures ITE–IF PAN

The first contacts between electronic engineers
from ITE and physicists from IF PAN date back
to the early 1970s, and the “Jaszowiec” Confer-
ences were their constant element. Working at the
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Fig. 11. The Laboratory of Nanostructures at IF
PAN operated jointly with ITE, headed by Tomasz
Dietl (IF PAN) and Anna Piotrowska (ITE).

same location and compatible disciplines fostered
the exchange of knowledge and stimulated bilat-
eral cooperation on a daily basis (Fig. 11). In
the following years, the cooperation between teams
from the Laboratory of Low Temperature Physics
led by Tomasz Dietl, IP PAS, and the Depart-
ment of III–V Semiconductor Structures ITE led
by Anna Piotrowska gained particular importance.
The joint project Patterning of Quantum Wires
and Dots by High Resolution e-beam Lithography,
lanced in the frame of PBZ 101-15, was an oppor-
tunity to deepen cooperation. The scope of the re-
search activity involved: design and construction
of a new clean room, commissioning of e-beam
lithography facilities (JSM 6400 SEM equipped
with Link’s X-ray microprobe and a Raith pattern
generator), development of basic lithography pro-
cesses, as well as fabrication and characterization
of II–VI and III–V 3D nanostructures, including
CdTe, CdMnTe, HgCdMnTe, and GaAlAs/GaAs.
The project was successfully completed and its sci-
entific results made an important contribution to
the general knowledge of properties and new physi-
cal phenomena. At the same time, it was evident
that a coherent interinstitutional research group
was established during the project, which would
be worth giving a formal organizational framework.
And this is how the Laboratory of Nanostructures
was born. The agreement was signed on January 1,
1996, by Professor Henryk Szymczak (IP PAN) and
Professor Cezary A. Ambroziak, directors of insti-
tutes. The document specified the rules of financ-
ing the laboratory and access to the shared in-
frastructure. Persons responsible for implementa-
tion of the agreement were Tomasz Dietl and Jerzy
Wróbel (IF PAN) and Anna Piotrowska and Eliana
Kamińska (ITE).

The cooperation turned out to be durable and
valuable. The effect of synergy was clearly seen. The
laboratory served scientists from other units of the
institute, as well as from other research institutions.

6. ITE in a period of transformation and
in the European Research Area

Two factors had a major impact on the activity
of ITE during the transformation period, i.e., after
the fall of communism. They were:

1. The degradation of the electronics industry in
Poland in the late 1980s, in particular the col-
lapse of the semiconductor fabrication plant
TEWA, and the change in the rules of financ-
ing science.
In the absence of orders from industry and re-
duced grants from government programs, em-
ployment at ITE decreased by about 30%,
and the silicon microelectronic line was moved
to the Piaseczno Division. Individual depart-
ments of the Institute gained greater indepen-
dence on the condition of obtaining appropri-
ate funds.

2. The opportunity to access EU funds following
Poland’s accession to the European Union.
As a Newly Associated State, and then a full
member, Poland could have its scientists par-
ticipating in European research and technical
programmes.

ITE actively participated, since 1994, in more
than sixty projects within subsequent EC Frame-
work Programmes and Concerted Actions. An im-
portant group of projects were those related to
III–V and II–VI semiconductors, to name a few
representative ones:

• Copernicus ’95, the subject of which were tun-
able GaInAsSb/AlGaAsSb DH laser diodes
for environmental pollutions control [45];

• VERTIGO — aimed at two-micron GaAs-
based semiconductor disk lasers for gas sens-
ing, communication and medical applica-
tions [46];

• WILD-EAST — related to InGaAs/GaAs
laser diodes for Er-doped fibre amplifiers [47];

• AGETHA — targeting GaN-based am-
ber/green resonant cavity LEDs, compatible
with second-generation plastic optical fibre
(POF) networks, able to operate at high tem-
peratures and high data rates [48];

• TERAVISION — in which non-linear trans-
mission line (NLTL) frequency multipliers
based on heterostructure barrier varactors
InGaAs/InAlAs were developed [49];

• AMORE – related to magnetics oxides [50];
• NANOPHOS – in which a number of oxide-
based nanostructured photonics sensors was
demonstrated [51];

• DENIS — focused on the development of
monocrystalline GaN substrates for blue
lasers [52];

• HYPHEN – targeted on SiC-based hybrid
substrates for GaN-based high-frequency elec-
tronics [53],
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• MORGAN — aimed to develop new solutions
by exploiting the excellent physical properties
of diamond and GaN-based heterostructures
for electronic devices and sensors that could
operate in extreme conditions, especially high
temperatures, highly corrosive solutions, and
strong electric fields [54].

ITE participated also in the R&D works of two
Centres of Excellence:

• CEPHONA — headed by Professor Maciej
Bugajski at ITE; research on the physics and
technology of photonic nanostructures [55];

• CELDIS — headed by Professor Jacek Kossut
at IF PAN; research on the physics and fabri-
cation of low-dimensional compound semicon-
ductor structures [56].

The achievements of ITE, which made a signif-
icant contribution to the implementation of the
above-mentioned projects, included, among others:

(i) development of major processing steps of
InGaAsSb/AlGaAsSb DH mid-infrared laser
diodes and photovoltaic detectors [57–64],
e.g., surface preparation [57, 58], patterning
mesa structures [59–61], formation of ohmic
contacts [62–63], surface passivation [64];

(ii) development and optimisation of process-
ing steps for the fabrication of NLTL
structures, loaded with heterostruc-
ture barrier varactor (HBV) diodes
InGaAs/InAlAs/AlAs/InAlAs/InGaAs [49],
e.g., dry/wet etching, shaping HBV semicon-
ductor material, formation of shallow ohmic
contacts;

(iii) fabrication of metal/oxide multilayer struc-
tures for interferometric studies and SnO2 and
ZnO diffractive elements for nanostructured
gas sensors [65–68];

(iv) novel approaches to the fabrication of ohmic
contacts to GaN [69–80], e.g., n-type dop-
ing by creating nitrogen vacancies in the con-
tact region of Ti-based metallizations [69],
enhanced activation of the Mg acceptor to
increase p-type doping of subcontact region
of the ZrN/ZrB2 ohmic contacts [70], n-
and p-type doping via solid phase regrowth
(SPR) for the ohmic contacts to n- and p-
GaN [71, 72], engineering ZnO/GaN inter-
face for the transparent ohmic contact to p-
GaN [73, 74], engineering electronic struc-
ture of p-GaN surface via appropriate sur-
face preparation procedure [75], advanced re-
fractory metal-based metallizations with en-
hanced antidiffusion capabilities [76–80];

(v) passivation of GaN-based heterostructures by
a thin film of ZnO [81].

A research field with promising new applica-
tions in consumer electronics was amorphous oxide
semiconductors. We demonstrated the possibility

to control the physicochemical properties of such
amorphous oxide semiconductors as IGZO in a wide
range by mastering the thin-film deposition param-
eters. By changing the reactive plasma composi-
tion and total deposition pressure, we can fabri-
cate films with carrier concentration ranging from
1013 to 1020 cm−3, thus from highly resistive to
highly conductive [82]. Using the ability to control
the parameters of these oxide materials, we opti-
mized the Schottky junction technology and used
such rectifying contacts to fabricate transparent
and flexible thin-film transistors in the MESFET
(metal–semiconductor field-effect transistor) config-
uration at room temperature (RT). Furthermore,
we demonstrated the possibility of using such de-
vices in an innovative solution for glucose biodetec-
tion. By attaching glucose oxidase to the Schottky
gate electrode of MESFET, the depletion area in
the channel layer is modulated in proportion to the
glucose concentration in the test solution [83].

In the first decade of 2000, several important in-
vestment projects were implemented. The largest
of them was the creation of the Nanophotonics
Center, including the launch of a complete tech-
nological line of III–V photonic devices, as well as
the upgrade of the technological line of the Depart-
ment of Micro and Nanotechnology of Wide-Break
Semiconductors, including the purchase of a 3 MeV
ion implanter equipped with RBS, ALD reactors,
equipment for electron beam lithography and for
nanoimprint.

Statutory research in the field of compound semi-
conductors has gone in two directions. The first one
was III–V infrared photonics. The second one was
wide-bandgap semiconductors for high frequency,
high power and transparent electronics.

Among the works in the field of infrared photon-
ics, a distinguishing achievement was the develop-
ment of cascade laser technology, the description of
which is presented in the next sections.

6.1. MBE at ITE. From single quantum well
to quantum cascade lasers

Work on semiconductor lasers has been carried
out at ITE since 1966. At the beginning, these were
heterostructure lasers produced by liquid phase epi-
taxy. Significant progress was made in 1993 with
the launch of a new technology of layer growth —
epitaxy from molecular beams. The new technol-
ogy allowed to begin work on a new generation of
lasers based on low-dimensional structures, the so-
called quantum well (QW) lasers. Quantum well
lasers offer significant design flexibility and much
improved performance compared to classical dou-
ble heterostructure lasers. This paved the way for
real telecommunication applications and led to in-
tense research all over the world. We have been part
of this emerging information technology (IT) mar-
ket, contributing some application-oriented work on
quantum well lasers.
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All telecommunications-qualified 980 nm lasers
are based on the ternary AlGaAs and InGaAs al-
loys of the AlGaInAs material system. The excellent
lattice match, refractive index contrast, dopability,
and thermal conductivity of AlGaAs give designers
freedom to optimize the vertical structure, while the
single pseudomorphic InGaAs quantum well active
region provides high gain, good electrical confine-
ment, and, therefore, low threshold current and high
quantum efficiency.

Quantum well separate confinement heterostruc-
ture lasers (QW SCH) studied at ITE had a sin-
gle quantum well (SQW) or multiple quantum well
(MQW) active region. MQW active region leads
to an effective increase of the electrically pumped
volume and thus allows for high powers that are
attractive for such applications as diode-pumped
Nd:YAG lasers. However, the real driving force be-
hind the development of quantum well lasers was
telecommunications and data transmission technol-
ogy. The development of erbium-doped fiber ampli-
fiers (EDFA) has enabled the proliferation of high-
bandwidth data networks. Er3+-doped fiber ampli-
fiers coherently amplify 1550 nm signals through
the conversion of 980 nm pump laser light. Because
the process is entirely optical, many signals can be
amplified simultaneously with no delay and with
minimal electronics. The use of a pump wavelength
of 980 nm has also another advantage, namely
that no excited state absorption exists for this
wavelength.

The technology of growth of 980 nm
InGaAs/GaAs separate confinement heterostruc-
ture, single quantum well (SCH SQW) lasers
has been developed for practical measures, based
on our previous experiences with AlGaAs/GaAs
semiconductor lasers fabricated at the Institute
of Electron Technology [84, 85]. In the following,
we will summarize the main results of work on
980 nm lasers [86]. A structure of a typical device
is shown in Fig. 12. SCH SQW laser structures
were grown by molecular beam epitaxy (MBE) in
Riber 32P reactor. The structures were grown on
(100) GaAs conductive substrates. The sequence of
layers for a typical structure, optimized for reliable
high power continuous wave (CW) operation, con-
sisted of an n-type GaAs buffer, an Al0.3Ga0.7As
n-type barrier layer, an undoped active layer and
a waveguide, Al0.3Ga0.7As p-type barrier layer and
p+-type GaAs subcontact layer. The active layer
and the waveguide comprised of In0.21Ga0.79As
80 Å quantum well enclosed by 0.3 µm GaAs
layers. The doping of both emitters was kept
at 5× 1017 cm−3 level.

Fabricated lasers exhibited threshold current den-
sities of the order of Jth ≈ 280 A/cm2 (for resonator
length L = 700 µm) and differential quantum
efficiency µ = 0.40 W/A (41%). The wall-plug
efficiency of the lasers without AR/HR coating
reached 38%. Optical power–current characteristics
(P–I) for lasers fabricated from the same wafer

Fig. 12. SCH SQW InGaAs/GaAs strained layer
laser structure.

Fig. 13. Light–current (L–I) characteristics of the
lasers with and without AR/HR facet coatings.

showed almost equal threshold and differential
efficiency values. The linearity of the characteris-
tics was good; no kinks and thermal roll-over were
observed for the highest powers. The theoretical
estimation of the threshold current density and dif-
ferential efficiency obtained by numerical model-
ing of the devices were Jth = 210 A/cm2 and
µ = 0.47 W/A, respectively. Typical light–current
characteristics of lasers without AR/HR coatings
and with AR/HR coatings, from one lot, are com-
pared in Fig. 13. The threshold current of lasers
with AR/HR coatings was unchanged compared
to uncoated ones, but we have observed roughly
two-fold increase in differential quantum efficiency.
The record wall-plug efficiency for AR/HR coated
devices was equal to 54%.

Aging tests proved generally good reliability of
the lasers. The uncoated devices did not show sig-
nificant degradation after over 1000 h of CW op-
eration at a heat sink temperature of 35◦C, with
an emitted power of 50 mW (in a constant power
mode). This result can be extrapolated to 106 h of
pulse operation with ff = 0.1%. Lasers with coated
mirrors, operating at an aging frame in CW mode
for 1500 h at constant power, maintained basically
unchanged current, proving their applicable poten-
tial, even considering such demanding applications
as the pump source for EDFA.
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6.1.1. Quantum cascade lasers

The next major development was quantum cas-
cade lasers (QCLs). We demonstrated them in
2009 [87]. Quantum cascade lasers are unipolar de-
vices based on tunneling and intersubband tran-
sitions, in which the electronic states, wavefunc-
tions and lifetimes of the relevant states are en-
gineered through the quantum mechanical confine-
ment imposed by the complex multilayer structure.
The principle of operation of QCL structures places
stringent requirements on the individual layer thick-
ness and composition as well as the overall period-
icity of the whole structure. Another crucial prob-
lem related to the QCL operation is the heating
effect, which is distinctly larger than in the state-
of-the-art bipolar lasers. Heating results in higher
threshold and operation currents of the lasers, and
all this, in turn, results in the necessity of effec-
tive heat extraction. Heat dissipation in QCLs is
strongly hampered because of the nature of their
active regions containing many interfaces and lay-
ers with a thickness close to the mean free path
of phonons. QCLs are the major breakthrough in
semiconductor laser technology, allowing to obtain
a broad range of wavelengths from the infrared (IR)
range of the spectrum by simply changing the ge-
ometry of the structure without the necessity of go-
ing to a different material system. Coherent sources
in the mid-IR spectral range are of great interest
due to the large number of applications in high-
resolution molecular spectroscopy, industrial con-
trol and medical diagnostics. For the above rea-
sons, over the last twenty five years, a big effort
has been made to develop highly efficient quan-
tum cascade lasers (QCLs) operating at this wave-
length range. We will report here the major results
of works on quantum cascade lasers at the Institute
of Electron Technology. Technology of lasers, emit-
ting at the wavelength ranges 9.0–9.5 µm and
4.7–5.25 µm, based on InGaAs/AlGaAs/GaAs and
InAlAs/InGaAs/InP heterostructures; both lattice-
matched and strain compensated has been devel-
oped [88–89].

6.1.2. GaAs based QCLs

The typical characteristics of
Al0.45Ga0.55As/GaAs (λ=9.4 µm) lasers developed
at ITE are shown in Fig. 14.

6.1.3. InP based QCLs

The biggest drawback of mid-infrared
GaAs-based QCLs results from the relatively
low conduction band offset (∼ 390 meV for
GaAs/Al0.45Ga0.55As) and carrier escape from the
upper laser state to the continuum at elevated
temperatures. This causes poor performance of
GaAs/AlGaAs lasers at RT and excludes CW
operation. Another consequence of the small band
offset is the inability to move emission to shorter
wavelength, in particular in the range of ∼ 4–5 µm,
which is interesting from the point of view of

Fig. 14. Light–current and current–
voltage (L–I–V ) characteristics of the
Al0.45Ga0.55As/GaAs (λ = 9.4 µm) laser with
uncoated facets, driven by 200 ns pulses with
repetition rate 5 kHz. The laser cavity length
equals 2 mm and the mesa width equals 15 µm.

applications in molecular spectroscopy. The rule of
thumb is that the band offset should be roughly
three times the emission energy (∆E ≈ 3hν) to
properly nest the lower and upper laser levels in
quantum wells. The problem can be solved by
using InGaAs/InAlAs/InP structures which offer
much higher band offset, i.e., ∼ 520 meV in the
case of lattice-matched heterostructures and up
to 800 meV in the case of strain-compensated
heterostructures. The price one pays, however, is
greatly increased technological complexity. The
material system is based on two ternary compounds
(InAlAs/InGaAs), which are not lattice-matched
to InP for all possible compositions except one.
This requires a high growth precision in terms of
composition and makes the analysis of heterostruc-
ture parameters more difficult. Additionally, in
strain-compensated structures, it is necessary to
control the compositions of four different ternary
alloys in the waveguide and active region during
growth.

AlInAs/GaInAs/InP heterostructures were used
for the construction of a short wavelength laser
emitting at around 5 µm. This was done by taking
advantage of the modification of the band struc-
ture of ternaries AlInAs and GaInAs caused by
strain. Ga0.467In0.533As/Al0.477In0.523As/InP het-
erostructure is lattice-matched to InP. When the
composition of ternaries deviates from the above,
the individual layers undergo biaxial deformation in
the plane perpendicular to the direction of growth.
Tensile strain in AlInAs barriers moves the conduc-
tion band edge to higher energies, whereas compres-
sive strain in InGaAs wells moves the conduction
band edge in the opposite direction. As a result,
the conduction band offset in the AlInAs/GaInAs
heterostructure increases. An example of such
structure is Ga0.331In0.669As/Al0.638In0.362As, for
which the conduction band offset is ∼ 800 meV.
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TABLE II

Parameters of the lattice-matched and strain-compensated AlInAs/In0GaAs/InP lasers: Jth [kA/cm2] — threshold
current density, Vth [V] — threshold voltage, T0 [K] and T1 [K] — characteristic temperatures, and η [W/A] —
maximum slope efficiency.

Parameter
Lattice-matched QCL Strain-compensated QCL

MBE MBE + MOVPE MBE MBE + MOVPE
Jth (77 K)

[
kA
cm2

]
2.15 1.5 1.05 0.91

Jth (295 K)
[

kA
cm2

]
4.6 3.3 3.3 2.3

Vth (77 K) [V] 10.3 7.8 20.6 15.1

Vth (295 K) [V] 10.4 6.7 19.3 12.9

T0 [K] 135 170 128 154

T1 [K] 136 196 204 208

η [W/A] 0.69 1.19 0.61 2.27

In such a case, despite the ∼ 1% lattice mis-
match of individual layers, the global strain is
balanced and we are dealing with pseudomorphic
growth of the whole laser structure. One has to
note, however, that the growth of such struc-
tures is the ultimate challenge for MBE. The
L–I–V characteristics of the strain-compensated
InGaAs/InAlAs/InP (λ = 4.7 µm) lasers de-
veloped at ITE are shown in Fig. 15. Parame-
ters of the lattice-matched and strain-compensated
AlInAs/In0GaAs/InP lasers are summarized in
Table II.

Technology of quantum cascade lasers, emit-
ting at the wavelengths 9.0–9.5 µm and 4.7 µm,
is based on InGaAs/AlGaAs/GaAs and In-
AlAs/InGaAs/InP heterostructures; both lattice-
matched and strain-compensated ones have been
developed. The structures were grown by MBE and
by MOVPE. InGaAs/AlGaAs/GaAs lasers were
grown by MBE. For InP-based lasers, three types
of structures were investigated: the one grown ex-
clusively by MBE without MOVPE overgrowth, the
remaining two fabricated by hybrid approach com-
bining the MBE-grown InAlAs/InGaAs active re-
gion with the MOVPE-grown InP waveguide. All
presented types of lasers had parameters typical for
the design, thanks to which the laser were success-
fully tested in prototype gas detection systems and
free-space communication systems.

6.2. Microwave AlGaN/GaN high electron
mobility transistors (HEMTs) on truly

semi-insulating GaN substrates

Work on GaN-based devices was carried out
at ITE from the mid-1990s of the last century.
At that time, only a limited number of research
laboratories was capable to grow high-quality n-
type and p-type epitaxial material. Owing to bi-
lateral scientific cooperation with US laborato-
ries, our first research was performed on epitax-
ial films from North Carolina State University
and Xerox Palo Alto Research Center (PARC)

Fig. 15. The L–I–V characteristics of the strain-
compensated InGaAs/InAlAs/InP (λ = 4.7 µm)
lasers developed at ITE.

Electronic Materials Laboratories [69, 70]. Soon we
could work on GaN-based heterostructures fabri-
cated in European laboratories participating in Eu-
ropean projects. At the same time, cooperation with
research groups in the country was initiated. The
turning point for further activities was the launch of
2” n-type monocrystalline GaN substrates by Am-
mono S.A., which created an opportunity to im-
prove the quality of epitaxial structures and in-
crease the reliability of the devices. Bearing in mind
potential end-users, the aim of the work was the
microwave AlGaN/GaN HEMT transistor for the
S-band. The complete value chain was set up in
the frame of cooperative project PolHEMT [90]
by the consortia including Ammono S.A., respon-
sible for the development of semi-insulating GaN
substrate, the Institute of High Pressures PAS
and TopGaN Ltd working on MOCVD growth
and characterisation of AlGaN/GaN structures, the
Institute of Physics PAS targeting AlGaN/GaN
MBE growth, the Institute of Electron Technology
(project leader) developing processing of HEMT
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Fig. 16. The 2θ–ω high-resolution XRD scan of
the MOCVD-grown AlGaN/GaN HEMT structure
on the SI Ammono-GaN substrate [91].

Fig. 17. Cross-sectional diagram of AlGaN/GaN-
on-Ammono GaN HEMT with regrown
GaN/InGaN graded composition epitaxial bi-
layer [91].

structures, the Institute of Radioelectronics and
Multimedia Techniques of Warsaw University of
Technology performing radio-frequency (RF) char-
acterisation and reliability testing.

Next, the 1,5” semi-insulating (SI) Ammono-GaN
substrates characterised by the FWHM values of
X-ray rocking curve of about 20 arcsec, a curva-
ture radius of c-planes of several tens of meters, and
dislocation density below 5 × 104 cm−2, have been
developed. Their room temperature resistivity was
typically no less than 109 Ω cm as measured by the
frequency domain capacitive technique (with elec-
tric field ‖ to c-axis), and over 1×106 Ω cm as mea-
sured by the microwave methods (above the mea-
surement method range, electric field ⊥ to c-axis).
The thermal conductivity was ∼ 230 W/(m K)
at RT. Of crucial importance for optimizing the
growth of highly resistive GaN substrates was the
suppression of oxygen content below 2× 1018 cm−3

and the choice of appropriate acceptors for compen-
sating residual native donors.

AlGaN/GaN HEMT structures grown by
MOCVD method consisted of 1 nm GaN-cap,
25 nm Al0.26Ga0.74N barrier layer, 0.8 nm AlN

Fig. 18. (a) TEM image of
n+InxGa1−xN:Si/n+GaN:Si region and (b)
HRTEM (high-resolution transmission electron
microscopy) image of n+GaN:Si/UID GaN inter-
face [91].

Fig. 19. (a) Output and (b) transfer character-
istics of AlGaN/GaN HEMT on semi-insulating
Ammono-GaN [91].

spacer, 0.7 µm unintentionally doped GaN layer,
and 1 µm highly resistive GaN:C buffer. A special
process was developed to prevent decomposition of
the N-face backside of the substrate during high-
temperature MOCVD growth. The high resolution
2θ–ω rocking curve scan (Fig. 16) proves the excel-
lent crystal quality of epilayers grown on Ammono-
GaN with FWHM = 0.007◦. The AFM images
showed atomically smooth surface with a root
mean square roughness of about 0.12–0.14 nm.
The electrical parameters of the two-dimensional
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Fig. 20. (a) High-frequency characteristics of |S21|, |h21|, U and MSG/MAG AlGaN/GaN HEMT on semi-
insulating Ammono-GaN. (b) Determination of fT by the Gummel method [91].

electron gas (2DEG) as measured by the Hall effect
in Van der Pauw geometry were as follows: sheet
carrier concentration ns = 1.64 × 1013 cm−2, Hall
mobility µH = 1210 cm2/(V s), sheet resistivity
Rsh = 315 Ω/�.

Figure 17 shows a scheme of the HEMT device
structure. The gate length LG was 0.8 µm, the
source to gate LSG and gate to drain LGD distances
were 1.2 µm and 4 µm, respectively.

The main processing steps included the for-
mation of source and drain ohmic contacts, iso-
lation of adjacent HEMT structures, formation
of gate contacts, passivation of HEMT devices,
making electrical beam leads [91, 92]. Out of
a number of approaches undertaken to make
low-resistance ohmic contacts, the best was to
grow additional highly-doped lower-bandgap nitride
n+InxGa1−xN:Si/n+GaN:Si regrow bilayer below
the source and drain metallization. The depth of re-
cess was 20 nm below the AlGaN barrier layer, the
composition of n+InxGa1−xN:Si gradually varied
from 8 at.% to 26 at.% at the top. Figure 18 depicts
TEM images of the regrown semiconductor contact
regions, showing the high crystal quality of regrown
n+GaN layer and the smooth n+-GaN/UID GaN in-
terface. The etched sidewalls are at an angle of 56◦

to the c-plane (0001). The sidewall angle is close to
the optimal angle of 62◦ at which the density of dan-
gling bonds on the etched surface is similar to the
c-plane surface. Heat-treated Ti/Al/Mo/Au met-
allization enabled achieving ohmic contacts with
a resistance of Rc = 0.43 Ω mm and a resistivity
of ρc = 6.4× 10−6 Ω cm2.

Isolation of adjacent HEMT devices was done
by using two-step Al+ ion implantation [93, 94].
The first step was with an energy 800 keV and
a dose 1.5× 1013 cm−2, and the second with an en-
ergy 300 keV and dose 1 × 1013 cm−2. The sheet

resistivity of implanted isolation was 1011 Ω/�, and
the depth of isolation was 0.7 µm. Electron-beam
deposited Ni/Au bilayers were used for gate elec-
trodes, while the SiNx overcoat was applied for de-
vice passivation.

The output and transfer characteristics of
AlGaN/GaN HEMTs are depicted in Fig. 19.
The maximum output current density reaches
1000 mA/mm at VGS = 2 V. The extracted on-state
resistance Ron was about 4.4 Ω/mm. The trans-
fer characteristics show a clear pinch-off at VGS =
−6 V. The transistor transconductance exceeded
220 mS and reached the maximum value for the
expected range of operating points of the tran-
sistors. No measurable leakage current was ob-
served across the buffer layers or the substrate. The
high-frequency performances of transistors, eval-
uated by measuring on-wafer the S-matrix pa-
rameters over the frequency range from 45 MHz
to 24 GHz at the operating point VDSQ and
IDSQ, are shown in Fig. 20a, which displays
the characteristics of the insertion gain |S21| and
the ratio MSG/MAG, read as maximum sta-
ble gain/maximum available gain. The frequency
fMAG defined for MSG/MAG = 0 dB amounted to
31 GHz. The cut-off frequency value, fT , obtained
by linear extrapolation, with −20 dB/dec slope of
the small signal current gain, was 21.7 GHz (see
Fig. 20b). The insertion gain |S21| was equal to 0 dB
for a frequency fs = 22 GHz. In the S-band, the
maximum available gain was 22.7 dB and 19.8 dB
at 2 GHz and 4 GHz, respectively, whereas the small
signal gain was 15.3 dB and 12.7 dB within the
same respective frequency range. The high potential
of the developed technology was proved by assem-
bling the obtained devices in S-band power ampli-
fiers, which achieved the maximum power density
of 4.15 W/mm.
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Overall, AlGaN/GaN-on-Ammono GaN HEMTs
compare well with devices manufactures on silicon
carbide substrates available from commercial manu-
facturers. This also applies to their thermal param-
eters [95].

7. Epilogue

The year 2019 opened a new chapter in the his-
tory of the Institute of Electron Technology. On
April 1, ITE became part of the newly established
Łukasiewicz Research Network (SBŁ). A year later,
on October 1, 2020, the Institute was merged with
the Institute of Electronic Materials Technology
SBŁ establishing the Institute of Microelectronics
and Photonics. The description of the Institute ac-
tivity is regularly displayed on its website.
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