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ANNOTATION

SLOVAK UNIVERSITY OF TECHNOLOGY IN BRATISLAVA
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Specialisation : ELECTRONICS

Author: Valentin Kulikov

Thesis:  Design and realisation of computer controlled measurement systems for
the evaluation of direct-current (DC) and high-frequency (HF) parameters of novel
electronic devices

Diplomová práca:  Automatizácia meracieho pracoviska jednosmerných (DC) a
vysokofrekvenčných (HF) meraní

Supervisor: Prof. Dr.  Peter Kordoš, Dr. Michel Marso
Education supervisor: Prof. Dr. Daniel Donoval

Cieľom diplomovej práce bolo navrhnúť a vyvinúť programy pre meranie a
vyhodnotenie vybraných vlastností polovodičových prvkov, a to predovšetkým poľom
riadených tranzistorov (HEMT), MSM fotodetektorov a nakoniec fototranzistorov
(OPTO-HEMT).

Realizovane programy uskutočňujú samotné merania charakteristík jednotlivých
polovodičových štruktúr a umožňujú výpočet niektorých vybraných parametrov.
Funkčnosť jednotlivých programov bola overená meraním na vzorkách pripravených
v ISI-FZ-Jülich. V práci sú miestami spomenuté problémy a ich riešenia, ktoré sa
vyskytli počas samotného merania s navrhnutými meracími systémami. Tieto meracie
systémy urýchľujú samotné meranie a hlavne obsahujú nenáročné užívateľské
prostredie vytvorené pod HP VEE.

The aim of this work was the design and realisation of the measurement systems
assigned to obtain the semiconductor devices characteristics, particularly the HEMTs,
MSM photodetectors and OPTO-HEMTs prepared in ISI-FZ-Juelich.

The developed systems and programs provide the measurement of the device
characteristics and calculate some selected device parameters. Each measurement
system was controlled by the measurement of the specific device. This work also
describes some problems and their solutions, which occur during the measurements.
The measurement programs was realised under HP VEE and provide the user friendly,
interactive graphical environment which enhances the speed and statistical value of the
obtained results.
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Transistor ?

It is thanks to the transistor that we can regard the second half of the 20th

century as „the information age“ or „the century of electronics”. The
transistor discovery was pivotal point of history. This invention can by
compared with the invention of the first stone tools during Stone Age. The
transistor gave the people the key to a whole new electronic world.
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Introduction

Semiconductors are known more than hundred years, but their dynamic
development starts from the 40s years.
Particularly in the time of World War II (1939
- 1945) was the tendency to develop a better
detector for radar techniques. It required the
change of the vacuum tube diode to the
semiconductor diode with better properties. At
begin of 1941 the first semiconductor point-
contact diode was created. Later in 1947, after
World War II from Bell laboratories, three
physicist-engineers John Bardeen, Walter
Brattain and William Schockley (first figure:

from left John Bardeen Walter Brattain and William Schockley) produced the first
point-contact transistor (B&W figure below). Their
germanium transistor was smaller and operated more
reliable than vacuum tubes, but in complex commercial
and military electronic equipment was a problem with
the heat dissipation of germanium as material for
semiconductor devices. After seven years on May 1954
Texas Instrument announced the commercial
availability of grown-junction silicon transistors. These
first silicon transistors were constructed by cutting
a rectangular bar from a silicon crystal that was grown
from a melt containing impurities. The problem with heat levels was solved, the first
silicon transistor operated with little change up to 150 °C.

In 1962 and 1963, the masking property of SiO2 was discovered and then were
the field-effect transistors realised and described in literature.

In 1962 semiconductor transistors were reduced to the size of a grain of salt, and
integrated to circuits today knows as integrated
circuits.
The silicon MOSFET is the basis for the
rapidly expanding integrated circuits
technology which has reached densities of
several million MOSFETs per chip (e.g. Intel
Pentium III processor works at speeds of up to
450MHz, his core contains more than 7 million
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transistors, which are built on 0.25 micron process technology). Today more than 98%
of electronic devices are based on silicon technology. 85% of silicon IC`s are metal
oxide semiconductor (MOS-FET, CMOS) devices.

Silicon transistors have the limitation in speed, as each electronic device, and
therefore are developed new materials (of III-V compound semiconductors -GaAs) for
increasing the transistor speed. Twenty years ago, many researchers thought that these
compound semiconductors would challenge and possibly even replace silicon in the
same way as silicon replaced germanium in the 1960s. One of the III-V materials is
GaAs. The GaAs compound semiconductors, used primarily in high speed and
optoelectronic components open up new dimensions in electronic technology.

This diploma thesis treats the possibilities to design and realise the automatic
DC (direct current), HF (high frequency) and optical measurement systems for this new
compound semiconductor devices. The thesis consists of the two main parts such as
theoretical part and the experimental and part. The theoretical part describes the MSM,
HEMT and OPTO-HEMT structures and their principles. In this part the device
parameters are declared and then used in the experimental part to their calculation (gm,
gout, R, Q, etc.).

The experimental part describes the realised measurement systems. The main
attention is devoted to the automation of the measurement. This is achieved by the
measurement programs, created under HP VEE, which realise the measurements and
produce the measurement data. The programs simultaneously with measurement
calculate the declared parameters of the single devices.

The function of the single programs was checked by the measurement of the
described structures and obtained values are presented in graphical form.
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1 MSM photodetector

Metal-Semiconductor-Metal (MSM) photodetector is one of progressive device,
used in the high speed communications circuits. Its advantage is an easy technologically
production and good high frequency parameters, which are necessary in our “digital -
communication” age.

1.1 Schottky diode

All semiconductor devices from single elements to integrated circuits need metal-
semiconductor contacts to allow the conductive connection among other parts of the
electronic system. The contact can have ohmic (non-rectifying) or rectifying behaviour.
In 1938, Schottky suggested that the rectifying  behaviour could arise from a potential
barrier as a stable space charge in the semiconductor. This model known as Schottky
barrier model is used in the present consideration.

A Schottky diode is formed by deposition of an appropriate metal on a low or
moderately doped semiconductor of either type. If the metal is deposited on “n”
semiconductor material, the metal performs the role of the “p” material. If the metal is
deposited on “p” material, the metal behaves in a circuit like the “n” terminal of a diode.
The metal has a work function φwm , the energy required to take an electron at the Fermi
energy in the metal and remove it from the metal ( φwm  is the energy difference between
the Fermi level and the vacuum level). It might turn out that the values of the work
function in metals and the electron affinities in semiconductors are such that the metal
Fermi level lies somewhere in the middle of the bandgap if we choose to line up the
vacuum levels as shown in Fig. 1.1.

Fig. 1.1. The work functions and Fermi level in a metal and an “n” or “p” doped semiconductor
Illustration (before joining the metal and the semiconductor)

In fact, this kind of line up occurs very often, and it is though that there are other
mechanisms at work that tend to “pin” the Fermi level of the metal inside the bandgap
of the semiconductor [1] (it is happy accident for devices).
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The situation after joining the metal and the semiconductor (Fig. 1.1) is shown in
Fig. 1.2. Main is a single chemical potential throughout the entire system at thermal
equilibrium, in Fig. 1.2 shown as EF , which levels in the two materials at thermal
equilibrium must be equal. In the process of a junction formation, electrons leave the
semiconductor to fall into the metal, building up an electric field until the chemical
potential is the same throughout the whole structure. This leads to a built-in voltage
(Vbi ) and band bending in the semiconductor. In contrast to the semiconductor, the
metal has an enormous density of free electrons, e.g., (one or more free electrons per
unit cell, corresponding to free electron density of more than 1022 3cm− ). The relatively
small additional electron density transferred from the semiconductor causes negligible
band bending in the metal and negligible change in the metal Fermi energy. Hence all of
the band bending is in the semiconductor material. A net potential barrier φbn  (relative
to the chemical potential) is built up for the electrons and the region of the
semiconductor near to the metal is depleted just as for an pn-junction (Fig. 1.2 - left).
The same kind of electrostatic solution applies to this depletion region as for the pn-
junction, and the thickness of the depletion region will scale inversely as the square root
of the donor density in the semiconductor.

Fig. 1.2. A Schottky junction between a metal and a semiconductor at zero bias. (left – n type, right p
type)

The analogous situation takes place for p-doped semiconductor as presented in
Fig. 1.2 (right). Here, holes have left the semiconductor near the junction, transferring
into the metal where they have “recombined” with electrons. The space charge region
leads to a potential barrier (φbp ) for the holes. The build-in potential Vbi  for n-type
semiconductor is given by

V Vbi bn n= −φ , 1.1

where φbn  is the barrier height of a real metal-semiconductor (n-type) contact and Vn  is
the potential difference between the Fermi level and EC . Similar results can be given for
p-type semiconductors with appropriate changes in symbols.
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Under the abrupt-junction approximation ρ s Dq N≅  for x W< , and ρ s = 0,
d d xϕ ≅ 0 for x W>  (Fig. 1.3 (left)), where ρ s  is the space charge density, q  is the
electric charge, ND is the donor impurity density, ϕ  is the electric potential in the space
charge region and W  is the depletion layer width. The charge distribution of the metal-
semiconductor contact is identical to that of a p+-n junction and hence the results for the
contact are similar to those of the one side abrupt p+-n junction. Then, using Maxwell
equation, one can write

( )( ) ( )s D
D

s s s

dE x q q NN E x W x
dx

ρ
ε ε ε

= = ⇒ = − − , 1.2

where E x( )  is the electric field (the field must be zero just inside the conducting
semiconductor material, so the boundary conditions are the following : E x Em( ) =  at
x = 0  and E x( ) = 0 at x W= ), ε ε εs r= 0  (ε 0  is the permittivity in vacuum and ε r  is the
relative permittivity of the semiconductor material) and Em  is the maximum field
strength given by

{ } ( )1 2
22( 0) biD

m bi
s

V Vq NE E x V V
Wε
− 

= = = − = 
 

. 1.3

The applied voltage V  is positive for forward bias (positive voltage on the metal with
respect to the n-side) and negative for reverse bias. Integration of the Eq. 1.2 provides
the relation of the electrostatic potential in the depletion region

21( ) ( )
2

D

s

q Nx E x dx W x xϕ
ε

 = − = −  ∫ . 1.4

By applying the boundary conditions  (ϕ ( )0 = Vbi  at x = 0   and ϕ ( )W V=  at x W= ) the
equation for depletion layer width can be obtained

( )
1 2

2 s
bi

D

W V V
q N
ε 

= − 
 

. 1.5

These results (Eqs. 1.2, 1.4) are graphically presented in Fig. 1.3 (left). The situation for
the biased Schottky diode is shown in Fig. 1.3 (right). Under forward bias (b), the
barrier for electrons flowing from the semiconductor into the metal is reduced (by the
amount equal to the applied bias), tending to lead a forward current. Under reverse bias
(c) the same barrier is increased, reducing the flow of the electrons from the
semiconductor to the metal. The barrier φbn  for an electron to flow from the metal to the
semiconductor remains the same, so the electron flows from the metal and from the
semiconductor should be essentially similar. In fact, there is essentially never any flow
of carriers from the metal into the semiconductor, therefore a small “leakage” of
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electrons over the relatively high barrier φbn . A similar mechanism also works for the
junction between the metal and p-doped semiconductor to give the rectification in the
opposite sense. In this case, there is essentially no flow of “holes” from the metal across
the constant hole barrier φbp , with all of the current flow coming from the holes injected
more or less strongly from the semiconductor into the metal depending on the bias
value.

Fig. 1.3. The charge, electric field and electric potential distribution of a Schottky diode (left). Energy
band diagram of the metal and n-type semiconductor under different conditions (right) – Thermal

equilibrium – zero bias (a),Forward bias (b),Reverse bias  (c)

The space charge QSC  per unit area of the semiconductor and the layer depletion
capacitance C  per unit area are given by

( )( )1 2 22SC D s D biQ q N W q N V V C cmε  = = −   1.6

( )

1 2

2

2
s D sSC

bi

q NQC F cm
V V V W

ε ε∂
∂

 
 = = =   − 

1.7

Eq. 1.7 can be rewritten in the form

( ) ( )2

2

121 2bi

s D s D

d CV V
or

C q N d V q Nε ε
−−

= = 1.8

And from Eq. 1.8 the donor concentration can be calculated

( )2

2 1
1D

s

N
q d C d Vε

 −=  
  

1.9
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1.2 Current-voltage characteristics of the Schottky diode

The current transport in the metal-semiconductor is mainly due to majority
carriers, and this presents an important difference between the Schottky diode and the
pn-junction. In the pn-junction, the principal current flow across the junction is
controlled by diffusion, specifically the minority carrier diffusion process of the
electrons into the p-type material and of the holes into the n-type material. The gradients
of those minority carriers just inside the conducting materials control the magnitude of
the diffusion current. The situation in the Schottky diode is rather different, however.
There are essentially no minority carriers involved. For example, in the n-Schottky
barrier, the electrons are conducting carriers in both materials. In case of a p-Schottky
barrier, the “recombination” of holes and electrons is also extremely strong. It is not
a recombination in the sense of interband recombination, the hole created deep in the
electron gas by injection from the p-type material simply fills up by scattering within
electron gas, a very rapid process. In the forward biased junction in either case, there is
therefore a very abrupt drop in the electron or the hole concentration by moving across
the junction from the semiconductor into the metal.

Fig. 1.4. Current transport by the thermionic emission process. Thermal equilibrium (a). Forward bias
(b). Reverse bias (c)

For Schottky diodes with moderately doped semiconductors operated at moderate
temperature, the dominant transport mechanism is thermionic emission of majority
carriers from the semiconductor over the potential barrier into the metal.

At thermal equilibrium (Fig. 1.4a), the current density into the semiconductor
caused by internal electric field, is balanced by two equal and opposite flows of the
carriers, hence net current is zero. Electrons in the semiconductor tend to flow (or emit)
into the metal and there is an opposite flow of electrons from the metal into the
semiconductor, which balance the net current to zero. At the semiconductor surface, the
electron density ns  is given by

( )
exp exp expbn n bnbi

s D D C

q V qqVn N N N
k T k T k T

φ φ − − −   −= = =         
, 1.10
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where NC  is the density of the states in the conduction band. At thermal equilibrium

1 exp bn
s m s s m C

q
n J J C N

k T
φ

→ →

− ∝ = =  
 

, 1.11

where J m s→  is the current from the metal into the semiconductor, J s m→  is the current
from the semiconductor into the metal and C1 is a proportionally constant.

After the application of the forward voltage (VF ) to the contact (Fig. 1.3b (right)),
the electrostatic potential difference across the barrier is reduced and the electron
density at the surface increases to

( ) ( )
exp exp bn Fbi F

s D C

q Vq V V
n N N

k T k T
φ − −− − 

≅ =        
1.12

The current Js m→  resulting from the electron flow out of the semiconductor is
therefore altered by the same factor (Fig. 1.4b). The flux of electrons from the metal to
the semiconductor, remains the same because the barrier φbn  remains at its equilibrium
value. The net current under forward bias, applying Figs. 1.11, 1.12, is then given by

1 exp exp 1bn F
s m m s C

q qVJ J J C N
k T k T
φ

→ →

    
= − = − −    

    
. 1.13

The expression for the net current under reverse bias (Fig. 1.3c (right), Fig. 1.4c)
is identical to Eq. 1.13 with the exception that VF  is replaced by −VR . The coefficient
C NC1  is found to be equal to A T* 2 , where A* is called effective Richardson constant.
and T is the absolute temperature. The values of A* are depend on the effective mass,
for example for GaAs it is equal to 8 and 74 for n- and p-type [2]. The current-voltage
characteristic of a metal-semiconductor contact under thermionic emission condition is
therefore given by

exp 1s
qVJ J
k T

  
= −  

  
, 1.14

where Js  is the saturation current density given by

* 2 exp bn
s

q
J A T

k T
φ ≡ − 

 
. 1.15

The applied voltage is positive for forward and negative for reverse bias.
Under the normal operating conditions the current of majority carriers is much

more higher than the current of minority carriers, therefore a Schottky diode is a
unipolar device.
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1.3 Ohmic contact

The metal-semiconductor contact like the Schottky diode with very high doping in
the semiconductor, with a depletion region, so short, that electrons and holes can tunnel
through the resulting very thin potential barrier, behaves as an ohmic contact.. This
situation is illustrated in Fig. 1.5. From this figure one can see that there will be
tunnelling current for either direction of bias, as required for an ohmic contact.

Fig. 1.5. Schottky barrier with a very highly n-doped semiconductor to form an ohmic contact. Zero bias
(a). Forward bias (b). Reverse bias (c)

An ohmic contact is defined as a metal-semiconductor contact that has
a negligible contact resistance relative to the bulk or series resistance of the
semiconductor. A figure-of-merit for ohmic contact is the specific contact resistance
defined as

2

0
C

V

VR cm
J

∂
∂ =

   = Ω −    
. 1.16

The net result is thought to be that a junction between a metallic and highly doped
semiconductor region is formed, leading to tunnelling behaviour qualitatively similar to
that of the idealised tunnelling Schottky contact [2].

In principle, to make such a tunnelling Schottky barrier ohmic contact, is necessary
to have a very highly doped region of the semiconductor just at the surface, and then put
a metal layer down on the top of this surface. One possible way to fabricate an ohmic
contact, used in industry, is that the metal layer is usually first deposited on
a semiconductor with a normal doping density. The deposited material also contains
a relatively large amount of an appropriate semiconductor doping material. For
example, gold mixed with germanium might be used to fabricate a good ohmic contact
to the n-type semiconductor. After depositing the metallic layer containing the doping
materials, the contact is then “alloyed” i.e., the whole structure is heated up, causing the
metal and the dopant to partially diffuse into the metal. The net result is that a junction
between a metallic and a very highly doped semiconductor region is formed.
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1.4 Optical Absorption

The semiconductor is an optical sensitive element. When the semiconductor is
illuminated, photons are absorbed to create electron-hole pairs as shown in Fig. 1.6a, if
the photon energy is equal to the band gap energy (h Egν = ). If the photon energy is
higher as the bandgap energy, then an electron-hole pair is generated and the excess
energy (h Egν − ) is dissipated as heat as shown at Fig. 1.6b. These processes (a, b) are
called intrinsic transition or band-to-band transition. For another situation, if the photon
energy is smaller than the bandgap energy, a photon will be absorbed only if there are
energy states available in the forbidden bandgap due to chemical impurities or physical
effect as shown at in Fig. 1.6c. This process (c) is called extrinsic transition. The same
processes can occur in the reverse situation, where for example an electron at the
conduction band edge recombining with a hole at the valence band edge will result in
the emission of a photon with an energy equal to the bandgap. This effect is used in
an LED (light emitting diode), semiconductor lasers, etc.

Fig. 1.6. Optical absorption for h Egν = (a), h Egν > (b), h Egν < (c)

Let us assume that a semiconductor is illuminated from a light source with
h Egν >  and a photon flux is Φ0. As photon flux travel through the semiconductor, the
fraction of the photons absorbed is proportional to the intensity of the flux, therefore,

Fig. 1.7. Illustration of the optical absorption mechanism. Semiconductor under illumination (a).
Exponential decay of photon flux (b)
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the number of photons absorbed within an incremental distance ∆ x  is given by
( )x xα Φ ∆ , where α  is a proportionality constant defined as the absorption coefficient.

From the continuity of photon flux as shown in Fig. 1.7a above one can obtain

( ) ( ) ( ) ( )d x
x x x x x x

d x
α

Φ
Φ + ∆ −Φ = ∆ = − Φ ∆ . 1.17

The negative sign indicates the decreasing intensity of the photon flux due to
absorption. After applying boundary conditions ( ( ) 0xΦ =Φ  at x = 0) the solution of
Eq. 1.17 is given by

( ) ( )0 expx xαΦ = Φ − . 1.18

The absorption coefficient is a function of hν  [2]. The optical band-to-band absorption
for  h Egν <  or λ λ> c  becomes negligible, therefore the absorption coefficient
decreases rapidly (Fig. 1.8a) at the cut-off wavelength, that is approximately

λ µc
g g

h c
E E

m eV= = 1,24 , . 1.19

The acquired results of the absorption coefficient for some semiconductor
materials are shown in Fig. 1.8a) below.

Fig. 1.8. Optical absorption coefficients for various semiconductor material (a). Quantum efficiency
versus various photodetectors (b)
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1.5 Photodetector and parameter definitions

We are living in the "Information society" which requires for rapid data transport.
High speed communication realised by the optical way is a promising solution. The
optoelectronic devices such as LED, semiconductor laser are used to convert the
electrical to optical signal while the MSM, PIN or avalanche photodiodes are used as
the receivers. The speed of communication depends on the speed of this single optical
elements, therefore the fabrication of high speed optoelectronic is an important issue of
research and development.

Photodetectors are devices that can convert the optical signal in electrical signal.
This conversion contains three steps:

1. Carrier generation by incident light as described above (Optical absorption).
2. Carrier transport and / or multiplication by whatever current gain mechanism may be

present (Avalanche photodiode).
3. Interaction of current with the external circuit to provide the output signal.

One type of photodetectors is a photodiode. A photodiode is basically a p-n
junction or a Schottky contact operated under reverse bias, which creates a depletion
region. The photons absorbed in this region generates electron-hole pairs that  generate
current flowing in the external circuit. The current through the device is proportional to
the number of optically generated electron-hole pairs. For high-frequency operation, the
depletion region must be kept thin to reduce the transit time, but by decreasing the
depletion region the quantum efficiency is decreased, therefore the depletion layer must
be sufficiently thick to allow a large fraction of the incident light to be absorbed.

Quantum Efficiency (Q) is the number of electron-hole pairs generated per
incident photon flux and is calculated by

Q
I

P
h
q

p

opt

= ν , 1.20

where q  is the elementary charge, h  is the Planck constant and Ip  is the photo-
generated current (photo-current) from the absorption of incident optical power Popt  at a
wavelength λ  (corresponding to a photon energy hν , ν λ= c , where c  is the speed of
light in vacuum). One of the key factors that determines Q  is the absorption coefficient
α  (Fig. 1.8a). Since α  is a strong function of the wavelength, the wavelength range in
which an acceptable current can be generated is limited (Eq. 1.19). For wavelengths
longer than the cut-off wavelength λ c  the absorption coefficient is too small and the
generated photocurrent is negligible. For short wavelengths the values of the absorption
coefficient are very high and hence the radiation is mostly absorbed very near the
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surface where the recombination time is short, therefore, the photocarriers can
recombine before they are collected in the in the space charge region.

Responsivity (R), is another parameter very often used to characterise
a photodetector. The responsivity is defined as the ratio of the output photocurrent to the
incident optical power

R
I

P
Q q

h
A Wp

opt

= =
ν

. 1.21

1.6 MSM photodetector

Very fast, efficient and easy to fabricate photodetectors can be made using the
MSM structure. The principles of the generation of the photocurrent in Schottky diode
are quite similar to that of pn-junction diode. The Schottky diodes are usually referred
as devices with majority carriers flow therefore the current is not limited by
recombination lifetimes. Usually the MSM photodetector consists of two Schottky
contacts with a depleted light gathering layer in undoped semiconductor. In the
Schottky diode, if photons are absorbed in the depletion region near the metal, then
photocurrent flows by drift in the field just as in the pn-junction (important is that they
cannot be used as light emitters).

In MSM photodetectors, the subpicosecond pulses can be obtained with a high
responsivity. The internal efficiency of the MSM photodetector is comparable with the
PIN (P-insulated-N) photodiode. The MSM diode interdigital structure is schematically
shown in Fig. 1.9.

Fig. 1.9.Iinterdigital structure of the MSM photodetector (a). Schematic symbol of the MSM
photodetector (b)

The MSM photodetector as illustrated in Fig. 1.9a can be illuminated from front
side (metal side), but a large area of photoabsorption is masked by the interdigitated
electrical contacts. If transparent electrodes or backside illumination is used the
resulting overall responsivity increases by as much as 50%. The dark current of one
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specific MSM photodetector is much less than the one of a photoconductive detector
due to the fact that one of the electrodes is always reverse biased (Fig. 1.9 (right)). The
real structure of one concrete MSM photodetector is shown in Fig. 1.10, where the
surface passivation is necessary for minimising the surface recombination. The
passivation layer (dark place in Fig. 1.10) may be created by a layer of higher bandgap
material grown on top of the active region (such as AlGaAs over GaAs). The higher
bandgap material is transparent to the radiation intended for detection. The use of
material with refractive index lower than GaAs, AlGaAs as a part of a multilayer
antireflection coating that allows more light to reach the active region.

Fig. 1.10. The MSM photodetector photography made by the scanning electron microscope

The responsivity of the MSM photodetector can be increased under a high applied
electric field, which leads to internal current gain. The suggested mechanism for this
current gain is the possibility of hole injection from the anode into the channel due to
accumulation of electrons near the anode [4].
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2 HEMT

The high electron mobility transistor (HEMT) is a three terminal device and
belongs to the family of the field–effect based transistors (FET). The carriers flow from
the source to the drain electrode through the conductive channel. The carrier density in
the channel, i.e. the drain current is controlled by the gate electrode, which contains the
Schottky contact. The time the carriers need to transfer under the gate electrode
determines the maximal operating frequency of the device. The goal is to obtain the
transistor, which is capable to operate with extremely high frequencies. The HEMTs are
suitable for millimetre waves and high speed applications. They stimulate the
development of new monolithic integrated circuits and optoelectronic devices. These
devices can be utilised in radar, satellite communications and computing applications.
The HEMT has several other names as modulation–doped FET (MODFET), two–
dimensional electron gas FET (TEGFET), selectively doped heterojunction transistor
(SDHT) and heterostructure FET (HFET) [5]. Physical principles of the HEMT
operations flow from the behaviour of the FET.

Advanced field effect transistor structure combines the advantageous
semiconductor transport properties of GaAs (high peak velocity and electron mobility)
with the advantageous electron-beam lithography fabrication capability of submicron
gatelengths <1µm. A schematic cross section of a GaAs MESFET is shown in Fig. 2.1.
Its mode of operation is following: a potential applied to the Schottky gate deputes
electrons from the donor impurity doped conducting channel and so controls the number
of electrons available for an current conduction between the source and drain electrodes,
see Fig. 2.1. Its ultimate operation frequency is only limited by the time it takes the
electrons to transit under the gate from source to drain.

Fig. 2.1. Schematic cross–sectional diagram of the recess–gate MESFET transistor, showing how the
gate controls the channel conductivity

To increase the high frequency and speed performance of any field effect
transistor the electron transit time under the gate must be reduced. This necessitates
either an increase in the “saturated” or “peak” electron velocity or a reduction in the
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electron transit distance – nanometre gate-lengths. Here problems with short channel
effects may occur. In the case of the GaAs MESFETs this necessitates a high donor
doping concentration in the channel in order to reduce the channel thickness while
maintaining a high current drive. Higher donor doping increases the ionised impurity
scattering and so degrades the semiconductor transport properties. As a consequence,
the performance improvements are obtained in the GaAs MESFET, when the gatelength
is reduced to nanometre dimensions, what is limited by the technological process
(typical ft  values are around 50GHz for 0.25µm gate-length). To achieve shorter transit
times over these short distances the donor impurity atoms must be removed from the
path of the electrons in order to eliminate the ionised impurity scattering [6].

In a heterojunction transistor a junction is formed between two different bandgap
compound semiconductors such as AlxGa1-xAs and GaAs which provides an offset in
the conduction and/or valence band, as shown in Fig. 2.3. Thus the AlxGa1-xAs /GaAs
HEMT structure involved the introduction of a heterojunction into the GaAs MESFET
transistor layer structure, as is shown in Fig. 2.2 below. Its mode of operation and
fabrication are almost identical to the GaAs MESFET.

Fig. 2.2. Schematic cross–sectional diagram of recess–gate HEMT transistor, showing how the gate
controls the channel conductivity

The key to the improved performance of the HEMT over the MESFET is that the
donor doping atoms are selectively placed in the higher bandgap material, e.g. in the
AlxGa1-xAs (hence the alternative name Selectively Doped Heterojunction Transistor,
SDHT). Then due to the offset in the conduction band edges, the electrons seeking
a lower energy state transfer to the undoped narrow bandgap material, e.g. into the
GaAs. The electrons are separately removed from the ionised donor impurity atoms.
This selective heterojunction doping is commonly referred to as a modulation doping
(hence the alternative name Modulation Doped FET, MODFET). As a result of the
reduction in ionised impurity scattering, the electron transport properties in a
modulation doped heterojunction are improved by increased mobility and peak electron
velocity. Improved high frequency performance of a transistor is therefore achieved in
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HEMT structures at small gate lengths, since the Schottky gate modulates the channel
electrons with improved transport properties.

In addition due to space charge effects these electrons are accumulated in a thin
region near the heterojunction, they are effectively confined to a plane, their energy
levels are quantised, and they are referred to as a quasi 2–Dimensional Electron Gas -
2DEG (hence the alternative name Two dimensional Electron Gas FET, TEGFET). The
quantisation of the energy levels in the 2DEG and the reduction of impurity scattering
(thick undoped spacer layers at the heterojunction) have produced structures that exhibit
enhanced mobilities, mainly at cryogenic temperatures (hence the name High Electron
Mobility Transistor, HEMT). The energy band diagram of a simple modulation doped
heterojunction is shown in Fig. 2.3, indicating clearly the donor doping region and the
resulting 2DEG channel.

2.1 Analytical description of HEMT

In order to qualitatively demonstrate the effect of a charge stored at the
heterointerface on the mobility and the carrier velocity an analytical description of the
HEMT operation is presented. In the following an approximation model is used [7].
This model is based on the concept that  the amount of charge which is depleted from
the barrier donor layer is accumulated at the interface, while the Fermi level is kept
constant across the heterointerface. The electron charge depleted from the barrier, i.e.
the sheet concentration in the channel, may be given by

( )
1/ 2

2 2
2

2 d
s c f f i d i d i

Nn E E E N d N d
q
ε = ∆ − − + −  

, 2.1

where ε  is the dielectric constant of the barrier layer, ! ! !" 0 r , ε 0  is the permittivity in
vacuum, q  is the electric charge, #Ec  is the conduction band discontinuity, Ef 2  is the
separation between the conduction band in the barrier layer and the Fermi level, Ef i  is
the Fermi level with respect to the conduction band edge in the channel layer, Nd  is the
donor concentration in the barrier layer and di  is the thickness of the undoped layer in
the barrier at the heterointerface as shown in Fig. 2.3 (right). The electron charge stored
at the heterointerface can also be expressed as

( ){ } ( ){ }0 1ln 1 1f i f iE E E E
s

kTn e e
q

β βρ − − = + +  
, 2.2

where β = q kT , $  is the density of states ( $ %" qm h* 2 , where m* is the effective
mass of electrons, and h is Planck’s constant), k  is Boltzmann constant, T is absolute
temperature, E ns0 0

2 3" & / , E ns1 1
2 3" & /  are the positions of the first and the second

quantum (potential) states at the interface as shown in Fig. 2.3 (right). These states
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correspond to a triangular well formed by the interfacial stored charge. The energy
reference is the bottom of the conduction band edge in GaAs. It is assumed here that
these lowest energy states are only ones that are either or partially filled. The constants
& 0  and & 1, which are dependent on the effective mass of the used channel material, and
the density of states $ , are derived on the basis that the quantum well may has
reasonably triangular shape as shown Fig. 2.1 (right) below.

Fig. 2.3. Conduction band diagram of a heterojunction, showing the conduction and valence band offset
(left). Conduction band diagram of the same structure, showing the quantum well (right)

Depending on the value of the applied voltage, the gate on the surface of the
barrier layer depletes some or all the stored charge at the interface. Thus only
simultaneous solution of Eqs. 2.1 and 2.2 can result in the determination of the Fermi
level position provided that the interface sheet charge concentration is known. The
determination of the sheet charge concentration can similarly be carried out  from the
same equation if the Fermi level is known. If a gate voltage is present, which depicts the
equilibrium situation, must be Eq. 2.1 replaced by

( )2s gs b f i cp
n V q qV E E

qd
ε φ = − − + − ∆  , 2.3

where ' b is the Schottky barrier height of the gate metal deposited on the barrier layer,
Vgs is the applied gate to source bias voltage, d d dd i" ( , dd  is the thickness of the
doped layer (barrier + spacer) and V qN d

p d d2
2 2= ε . The interface charge concentration

in the presence of a gate bias Vgs may be expressed by

( )s gs thn V V
q d d

ε  = − + ∆
, 2.4

where Vth is the threshold, V V E Eth b p c F" ) ) (' 2 0# # , and #d a qF" ! . The terms
#EF0  and aF  are determinated from the extrapolation. For example #EF0 , which is
a temperature dependent quantity, is the residual value of Fermi level and it can be
obtained from the extrapolation of the calculated Fermi level values as a function of the
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ratio of the interface sheet charge and zero sheet charge. The parameter aF  represents
the slope of the curve, which is reasonably linear for a wide range of sheet charge
except near the vanishing values, relating the Fermi level to the sheet charge. Thus

( )0f i F F sE E T a n= ∆ + .

2.1.1 Linear Region of HEMT

The linear region of a transistor is defined as a region where V V Vds gs th* ) . The
electrons flow through the conductive channel, which has in this case resistance
character, and therefore drain current is linear dependent on the drain voltage as shown
in Fig. 2.4 below.

Fig. 2.4. Illustration of linear and saturation regions in I-V output characteristics (the gate voltage is
variable) with marked pinch–off points for each I-V output characteristic

In a field–effect transistor, the drain bias produces a lateral field. For long channel
devices and (or) for very small drain biases it is generally assumed that the channel
voltage, which varies along channel between the source and the drain finally and
reaches a value equal to the drain voltage, is added to the gate potential. When it is
done, Eq. 2.4 becomes a function of the distance z  along the channel with ( )V z  as the
channel potential

( ) ( ){ }s gs thn V V V z
q d d

ε= − −
+ ∆

. 2.5

For the small values of ( )V z , it may be assumed that the constant mobility
regime is in effect and then
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( ) ( ){ } ( )
d s gs th

dV zdV wI qn w V V V z
dz d d dz

µ εµ= = − −
+ ∆

, 2.6

where +  is the charge carrier mobility and w  is the width of the gate. By integrating Eq.
2.6. from the source to the drain while keeping in mind the fact that the drain current
remains constant through the channel, one may be obtain

( )
2

2
ds

d d gs th ds
VI V V Vβ  = − − 

 
,                  

( )d
g

w
d d L
µ εβ =
+ ∆

, 2.7

where Vds is the drain–source voltage, Vth is the threshold voltage, and Lg  is the intrinsic
channel length (the gate length).

2.1.2  Saturation region of HEMT

The current reaches the saturation when the drain voltage is increased to the point
where the field in the channel exceeds its critical value thereby causing the velocity
saturation, as shown in Fig. 2.4. This responds to Eq. V V Vds gs th" )  and the drain
current can be expressed as

( )0ds d gs th dss satI V V V V vβ= − − , 2.8

where Vdss  is the saturation drain voltage, Ids  is the saturation drain current,
V v Lsat g0 " +  and vsat is the saturation velocity.

When the drain voltage is V V Vds gs th, ) , the HEMT operates in the saturation
region (Fig. 2.4). Using Eqs. 2.7 and 2.8 one can obtain the following solution for the
saturation voltage

( )
1 222

0 0dss gs gs thV V V V V V = + − + − 
, 2.9

which, when substituted back into Eq. 2.8, gives

( )
1 22

2
0 2
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1 1gs th
ds d

V V
I V

V
β

  −  = + −     

. 2.10

The treatment presented above is known as a two–piece model, implying that an
abrupt transition from the constant mobility regime to the constant velocity regime takes
place [7]. In a more accurate picture this transition is smoother, allowing the use of
a phenomenological velocity vs. field relationship for a more accurate description of the
MODFET operation. The simples of all these pictures is one that neglects the peak in
the velocity-field curve. One such characteristic may be expressed by
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( )1 sat
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, 2.11

in which ( ) ( )F z dV z dz=  represents the electric field in the channel. This field is not
constant through the channel, and hence the drain current Id  is a function of distance z .
Using Eq. 2.11 as given above , eqn.2.6 can be simplified to

( )
( )
( ) ( ){ }sat

d gs th
sat

dV z dzw vI V V v z
d d v dV z dz
µ ε

µ
 

= − − + ∆ + 
, 2.12

where v Fsat cr" +  is the saturation velocity, Fcr  being the field where the velocity
assumes its saturation value. By integration of Eq. 2.12. from the source end (z = 0) to
the drain end  (z = Lg) of the channel, while keeping in mind the fiction that the drain
current must be constant through the channel, one may obtain an expression for the
drain current in the linear operation region as follows

( )
( ) 2 2gs th ds dssat

d
sat g ds

V V V Vw vI
d d v L V
µ ε

µ
 − −

=  
+ ∆ +  

. 2.13

When the saturation velocity vsat  approaches infinity, Eq. 2.13. is reduced to Eq. 2.7.,
which is valid for the constant mobility case and confirms the validity of the gradual
channel approximation for long-channel transistors. Using Eqs. 2.12. and 2.13. and
assuming velocity saturation, the drain saturation current Ids  may be determined as

( ) { }
( )21 2

2
1 1

ds gs th
g d

wI V V
d d L
µ ε

ξ
= ⋅ −

+ ∆  + + 
, 2.14

where
( )2 gs th

d
sat g

V V
v L

µ
ξ

−
= . 2.15

When ( )0 sat g gs thV v L V Vµ= >> −  a saturation of the drain current occurs due to pinch–
off, but not due to velocity saturation  as expected for the long-channel devices.

2.2 DC characterisation of HEMT

The DC measurements are mainly used to determine the process quality, the
transistor basic properties and some model parameters (operating regions, breakdown
voltage, etc.). The gate recess depth, the gate diode and other transistor parameters can
be monitored and compared with the basic transistor characterisation [9]. This is
performed at DC conditions and usually involves the following measurements.
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2.2.1 Input, Transfer, Output characteristics of HEMT
The I–V input characteristics are measured applying the gate voltage for fixed

values of the drain–source voltage as shown in Fig. 2.5. (left). They are reverse
characteristics of the gate Schottky diode, which modulates the channel conduction by
the depletion region.

Fig. 2.5 I-V Input HEMT characteristics (left), I-V transfer HEMT characteristics (right) for variable
gate voltage

The I–V output characteristics are measured by the variation of the drain current
with the applied drain source voltage for fixed values of the gate-source voltage. Fig.
2.6 (left) shows an I–V output characteristics of a short-gate length HEMT for fixed
values of the gate voltage. These characteristics provide information about the transistor
current drive, pinch–off behaviour, on-resistance, knee voltage and output conductance.
Good pinch–off and low output conductance are required if the transistor has to operate
efficiently with high gain at microwave and millimetre wave frequencies. The value of
Ids (Vgs=0) is less significant in the case of the HEMT, since the transistor current drive
is not dependent on the threshold voltage. The maximum current Id max  is a direct
indication of the maximum 2DEG sheet density for the short gate lengths.

Fig. 2.6 I–V characteristics of a short gate length HEMT. Output characteristics (left). Output
conductance characteristics (right)
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It is possible to evaluate the output conductance from the output characteristics as
shown in Fig. 2.6 (right) an it is defined as

g I
V Vout

d

ds gs
" "

-
- const . 2.16

The I–V transfer characteristics, i.e. the variation of the drain current with the
applied gate voltage for fixed values of the drain voltage (Fig. 2.5), provide a direct
measurement of the transistor DC transconductance, which is defined as the differential
variation of the output current with the input voltage

g I
V Vm

d

gs ds
"

"
-
- const 2.17

and thus the high frequency performance potential of a device is given (Eq. 2.33).
Fig. 2.7 shows the transfer characteristics of a short gate HEMT, indicating the high
frequency HEMT characteristic in a Gaussian shaped transconductance behaviour. The
transconductance is compressed at both low and high current levels.

Fig. 2.7 HEMT transfer characteristics, showing the extracted “Gaussian like” variation of
transconductance characteristics

Applying the saturated velocity transistor model (Eq. 2.14), the maximum
transconductance for very short gate length HEMTs can be quantified by the following
expression

g w v
d dm

satmax .
(
!
#

. 2.18

In an ideal HEMT, the gate would modulate only a plane of charge, the 2DEG,
which is in a fixed distance from the gate. An analysis of the measured
transconductance vs. bias dependence observed in a HEMT, which always differs from
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the simple prediction, therefore provides a detailed insight into the real operation of
a HEMT, and so this characteristic takes an additional significance in the analysis and
optimisation of HEMTs. The maximum transconductance gm

max , the current at peak
transconductance Idgm

, and  the current swing #Idgm
over which a high transconductance

is maintained are therefore very important additional facilities in quantifying the high
frequency potentials of HEMTs (Fig. 2.7).

2.2.2 Threshold voltage of HEMT

The threshold voltage Vth is defined as the gate voltage at which the channel
begins to form. At this voltage the transistor begins to switch from “off ” to “on”. Thus
threshold voltage helps in deciding the necessary supply transistor operation voltage and
also it helps in determining the leakage or “off ” current that flows when the transistor is
in the off state. The threshold voltage can by determined by different ways. One of the
ways of the determination is to use the transfer characteristic, as follows from Eq. 1.13:

( ) ( ) ( )2 2

2ds gs th gs th
g

wI V V k V V
d d L
µ ε= − = −
+ ∆

. 2.19

Plotting the square root (sqrt) variation of the drain current with the gate voltage
and than extrapolating this drain current to zero gives the value of the threshold voltage
as shown in Fig. 2.8. (right). The threshold voltage obtained in this case is in [8]
specified as Vto.

Fig. 2.8 I-V Transfer and gm characteristics with illustration how may determine of threshold voltage
value (left), Special transfer characteristic for determining threshold voltage of HEMT

The threshold voltage can be determined from the normal transfer characteristic,
as shown in Fig. 2.8 (left), and used for MESFET transistors (In [8] is called as the
effective threshold voltage Vtef). This determination is approximately correct, but the
exact determination of the threshold voltage depends on a transistor type (except on
gatelength) and on his physical model. For a HEMT transistor it is sufficient to get this
voltage from the normal transfer characteristic (Fig. 2.8 (left)).
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2.3 High frequency characterisation

High frequency characterisation of HEMT structures is essential in order to fully
quantify and demonstrate its improvement. The keys in the quantifying of the high
frequency performance and potential of a HEMT are :

The current gain cut–off frequency ft (transit frequency), which is most important
since it relates directly to the high frequency potential and physics of the HEMT
structure operation. It is an inverse measurement of the electron transit time (under the
gate electrode) and so a direct probe of the electron transport properties in the HEMT.

The maximum available power gain cut–off frequency fmax, which is a function of
ft and indicates the ability of a given transistor structure to deliver the intrinsic transistor
performance to an external circuit. This parameter is ultimate for the system
performance.

The ratio f ftmax relates directly to the parasitic delay times and so is very
sensitive to the overall transistor design (transistor layout, cross–sectional structure and
fabrication technique). Typically a ratio from 2:1 to 3:1 is achieved in optimised
transistor design, independent on the epitaxial layer design.

2.3.1 Y–parameters definition

The high frequency characteristic usually means the small–signal behaviour of
a device. In this case the relation between AC–currents and voltages is approximately
linear for a given DC–bias point. There are various representations for the AC–
behaviour. For frequencies up to roughly GHz, an admittance equivalent circuit
representation as shown below is used.

Fig. 2.9 Two port representation of a device with an equivalent circuits description

where i1, i2, v1 , v2  are the AC–currents and the voltages of the two–port which
represents the FET in the common–source configuration (the source is the common
terminal for the input–gate and the output–drain electrode). The admittances yk1(where
k, l = 1, 2) are complex. Usually they are bias dependent. Some parameters e.g. the real
part of g11 can be deduced from DC–input characteristics, g22  from DC–output
characteristics (Eq. 2.16). The definition of the y–parameters indicates that parameters
have to be measured under (AC) open or short circuit conditions. It is difficult to
establish these conditions due to coupling effects for frequencies above 1 GHz.
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Moreover, in actual circuits the devices never operate open or short circuited, always
the resistance (50Ω) is used, therefore it is more appropriate to measure the device
under operating conditions. For this purpose the scattering (s–) parameters are
introduced.

2.3.2 S–parameters definition

S–parameters are important parameters in an microwave design, because they are
easier to measure and to work at high frequencies than the other kinds of parameters.
The measurements are done on a three terminal device. The S–parameters set relates to
travelling waves that are scattered or reflected when an n–port network is inserted into
the transmission line. The gain parameters of a microwave transistor can be completely
specified by a set of two–port S–parameters as shown below.

Fig. 2.10 Definition of scattering parameters

The independent variables ak  (k=1,2) are the waves (voltages) incident in to the input
(1) or output (2) as follows

( )k k 0
0

1a
2 kV I Z

Z
= + 2.20

and bk  - the waves (voltages) reflected from the input or output

( )k k 0
0

1b
2 kV I Z

Z
= − . 2.21

The S–parameters can be obtained from the following relations
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where VS  is the source voltage as shown in Fig. 2.10. S–parameters are usually
measured with the device imbedded between a 50Ω load and source, and there is very
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little chance for oscillations to occur. The reflection coefficients s11  and s22  can be
plotted into the Smith chart, which directly convert this coefficients into the impedance
plane, and therefore allows easy manipulation to determine matching networks for the
optimisation of the circuit design. The complex reflection coefficient can be also
represented in polar co-ordinates as shown below.

Fig. 2.11 Polar diagrams of HEMT S–parameters

2.3.3 Smith chart

The smith chart gives a graphical transformation between the reflection
coefficient and the impedance. This transformation is not linear (vertical lines of a
constant resistance on the impedance plane are transformed into the circles on the Smith
chart and horizontal lines of a constant reactance on the impedance are transformed into
the arcs on the Smith chart). The Smith chart is non-linear, causing normalised
resistance and reactance values greater than unity to become compressed towards the
right side of the Smith chart. The transformation of the S-parameters to the Z-
parameters may be realised by the equations as shown below.
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Consider a one–port network connected to a transmission line of impedance Z0 .
At the terminal plane of the network the reflection coefficient is represented by a point
on the Smith chart (the S11 and S22 values of a HEMT are shown in Smith chart
below).
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Fig. 2.12. Smith chart

At any other location along the transmission line the magnitude of the reflection
coefficient remains the same but the phase angle is deferent. As one moves away from
the load along the transmission line, the locus of s11  forms a circular path centred at the
origin of the Smith chart. Adding a series resistance to the transmission line is
represented by moving away from the circle along a constant–resistance line [10].

2.3.4 Stability of a two–port

One important parameter in the design of microwave amplifiers is their stability.
An amplifier can be either unconditionally or conditionally stable. The amplifier is
unconditionally stable if its input and output resistance are positive for passive
terminations. If the amplifier is conditionally stable then either the input or output
resistances are negative.

The stability factor K (Rollett's stability factor) describes the stability of
transistors, i.e. if K is smaller than unity, than the transistor is conditionally stable and if
K is larger or equals unity then the transistor is unconditionally stable. The stability
factor changes with frequency. The stability factor (K) and other transistor high
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frequency parameters can be obtained from S–parameters by the calculations as shown
below.

K =
+ − − −1
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MSG–maximum stable gain is defined (if K =1 then MSG=MAG)
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MAG–maximum available gain is defined only for K >1
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GU–unilateral power gain – is an important parameter in the design of small
signal amplifiers. When s12  is sufficiently small to be neglected , the device is defined to
have a unilateral power gain, which maximal value can be expressed
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h21–Forward Current Gain
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2.3.5  Current gain cut–off frequency ft and maximum frequency fmax

The ft and fmax are not directly measurable parameters, they require extraction
from measured microwave S–parameters by using a two–port network analyser.
Extraction of ft and fmax from measured microwave S–parameters is not simple and can
easily lead to erroneous conclusions. It is generally performed using one of two possible
techniques as described below:

1) Determination ft, fmax from the measured S–parameters of an equivalent small
signal circuit model, which represents the physical operation of the transistor. Fig. 2.13
shows the typical small signal circuit model used to represent the physical intrinsic
behaviour of a HEMT.
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Fig. 2.13 Intrinsic small signal circuit model used to physically represent the intrinsic behaviour of a
HEMT

The ft value is then calculated from the intrinsic circuit element values as shown
below

( )2
m

t
gs gd

gf
c cπ

=
+

, 2.33

where gm  (Eq. 2.17) is the transconductance, cgs is the gate–source capacitance and cgd

is the gate–drain capacitance. This is the intrinsic current gain cut–off frequency, but
not the measured (extrinsic) value. More often is used the following approximate
expression

f g
ct
m

gs

"
2%

, 2.34

which is only valid at high drain voltages (c cgs gd,, ) and so the value of ft is often
overestimated. There are numerous difficulties with this approach which relate directly
to distinguishing between the effect of the parasitic and intrinsic elements in the circuit
model.

The maximum frequency of oscillations is obtained if all output power is fed
back to the input (gain = 1). This is given by

( )

1 2

max 1 2
1 3 22

t t ds

g i st

f f Rf
R R Rr f τ

 
= ≅   + ++  

, 2.35

where ( )1 g i s dsr R R R R= + +  and the feedback time constant is τ π3 2= R Cg gd . Under
ideal conditions Rds →∞, Rg → 0, fmax→∞, i.e. than is no frequency limit, but under
realistic conditions r1 and τ 3  must be minimised, that means the parasitic resistances
R R Rs d g, ,  must be as small as possible, while the output resistance
R V I gds ds d out= =∂ ∂ 1  must be as large as possible.
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2) Direct extraction of the ft value from the measured S–parameter data.

Determination of an equivalent circuit model is generally time consuming and
therefore using the direct determination is more convenient. This can be achieved by the
conversion of the S–parameters into the h–parameters and then plotting the logarithmic
variation of current gain h21 2 with frequency. Extrapolation of the measured current
gain to unity gives the value of ft. This approach gives the extrinsic value of ft, which
includes the effect of pad capacitance parasitics and the resistive loading.

( ) [ ] ( )2
21 21h 1 h 1t tf or dB f= = 2.36

The fmax evaluation may be obtained by using unilateral power gain according Eq. 2.31.
Extrapolation of the measured unilateral power gain, which was plotted as logarithmic
variation with frequency, to unity gives the value of fmax.

( )maxGU 1f = 2.37

The measured value of extrinsic ft, even for very short gate lengths, is a very
sensitive function of gate–source bias voltage. The variation of ft with gate–source
voltage shows a “Gaussian like” variation very similar to the transconductance, its value
being compressed at both low and high current levels.

The effect of the pad capacitances can be quantified, for example, by measuring
the extrinsic ft as function of the transistor width (w) and then extrapolating to infinite
width [6].

Fig. 2.14 The extrinsic small signal circuit model represents extrinsic behaviour of a HEMT
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The variation of h21 2 with frequency is affected by parasitic effects, particularly
those resulting from the source and drain inductances and gate conductance (Fig. 2.14),
which can lead to erroneously extrapolated or unity intercept determined ft values. To
avoid this problem the current gain must always be extrapolated to unity at 20dB/decade
(6dB/octave). This is the physically correct roll–off and so when applied to measured
data it gives the correct estimation of the extrinsic ft.

 Initial characterisation of MESFET and HEMT structures was performed by the
bonding in microstrip fixtures. The large values of reactive parasitics introduced into the
S–parameter measurement system cause the difficulty in the determination of the
accurate ft and fmax values. Fig. 2.15 shows the simulated effect of large fixture
inductances on the variation of transistor current gain with frequency. It indicates how
at high frequencies the presence of the drain inductor causes an increase in the
measured current gain.

Fig. 2.15 The variation of the current gain with frequency, illustrate dependence ft from the extrinsic
reactive parasitics

The developing of microwave probes allowed S–parameters measurements of
transistors to be performed directly on–wafer. Microwave probes, which provide a very
low parasitic measurement environment, eliminate most of these current gain
extrapolation problems. The on–wafer measured frequency dependence of transistor
current gain h21 2 generally has a simple 20dB/decade roll–off from which the value of
current gain can be accurately extrapolated to unity, even if the values of extrinsic ft are
greater than 100GHz.
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3 Optical HEMT

HEMTs have been used as high speed photodetectors with a good responsivity
results. The advantage of using transistors as opposed to diodes for photodetection is the
internal current gain of transistors in the absence of the avalanche effect. One suggested
mechanism for this amplification process is that the photogenerated carriers in the
depletion layer primarily cause a current flow between the gate and the drain. This
current in turn modulates the electrical potential on the gate that, through the
transconductance of the device, modulates the drain current. In the other words, the
HEMT behaves as a combination of a photodiode and a transistor amplifier. Fig. 3.0
shows a photo of an OPTO-HEMT, made by scanning electron microscope.

Fig. 3.0. Photography of an OPTO-HEMT, made by the scanning electron microscope (active device area
50 × 50 µm)

The intrinsic photoresponse of HEMTs may be explained by two basic mechanisms,
namely the internal photoconductive ( I pc ) and photovoltaic ( I pvi ) effects
Fundamentals for Microwave Engineering, R. E. Collin, New York 1966

[11]. The total photocurrent is then the sum of these two currents

I I Iph pc pvi= + . 3.1
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The photoconductive effect is the result of an increase in conductivity due to
photogenerated carriers. In a HEMT these carriers are generated in the depleted buffer
region, begin draw to the 2-DEG region by the heterojunction built-in electric field. The
photoconductive effect can be enhanced by inserting an absorption layer between the
depleted buffer and the active channel (2-DEG). The photoconductive component of the
photoresponse in the HEMT is calculated by solving the continuity equation for the drift
current due to carriers generated in the depletion buffer layer.
The photocurrent in the photovoltaic effect is a two-step process where the primary
photocurrent generates a voltage which controls the flow of thermal carriers. In a
HEMT this voltage is the result of the modulation of the quasi-Fermi level in the
channel due to the accumulation of holes at the buffer/substrate interface. The
photovoltaic effect can be represented by an equivalent circuit consisting of a parallel
R Csub  pair with parallel source Iin . Physically, C  is the change of the quasi-Fermi level
with carrier density [12], Rsub is the substrate resistance and Iin  is the primary
photocurrent.

The advantages of OPTO-HEMTs are an easier technological process as in the
MSM + HEMT receiver case, a high responsivity and speed to compare with single
MSM photodetector in a middle frequency range etc.
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4 Description of the measurement hardware

4.1 DC measurements

The measurement setup contains several units: the Semiconductor parameter
analyser HP 4155A, the personal computer with accessories and, in the case of
photoelectric measurements, the optical units. The connections among the single units
(the computer, measurement instruments) are shown in Fig. 4.1 below. The computer
contains the HP-IB interface with the software (HP I/O libraries), which is necessary to
control the interface card. The computer communicates with the HP4155A instrument
via a HP-IB bus (Hewlett-Packard Interface Bus) [24]. In the text below the single parts
of the measurement place will be described.

Fig. 4.1. Measuring workstation for DC measurement

HP-IB bus has a several names and modifications as for example IEEE488 (IEEE
Standard Digital Interface for Programmable Instrumentation), GP-IB, IMS2, etc.. The
instructions via HP-IB are sent sequentially. This means that simultaneously there can
be one instrument listener and another instrument talker. For example, if the computer is
sending  the data into the instrument, than the computer is the talker and the instrument
is the listener. To the HP-IB bus approximately 27 instruments can be connected. Each
connected instrument has its own bus address, which is necessary in the communication
process.

HP 4155A represents the Semiconductor parameter analyser independent on other
instruments. The core of the HP 4155A is the internal computer with the own operating
system, which controls all settings and functions of the instrument, for example self-
testing, HP-IB communication, voltage settings and so on.
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The variables such as DC voltage, current sweep etc. are set as the VAR1 (variable) in
the measurement programs. It is interesting that the maximal number of steps is 1001
for one VAR1 sweep and this value cannot be crossed. This sweep is linear for all
measurement programs. All measured data are saved into the internal memory of the
instrument, which has a capacity of 256KB so that the number of measurement values is
limited by this value. Users can find more details in the instrument manuals [13], [14].

The instrument HP4155A contains four SMUs (source monitor units). The SMUs
have a maximum output power approximately of 2W from the source, the minimum
current measurement range is 10pA with 1fA resolution of the SMU. Fig. 4.2 below
shows the available voltage and current ranges of the instrument. In the right half of Fig.
4.2 a table with the SMU operating output ranges, is shown. The SMU may be
configured as the voltage or current source with a current or voltage monitor or as the
Ground unit (GNDU) as shown in Fig. 4.3.

Fig. 4.2. Power and voltage ranges of HP 415A

Fig. 4.3. Block diagram of SMU (Source monitor unit) and GNDU (Ground unit)

The SMU can limit the output voltage or current to protect the device under test.
The voltage limit can be set from 0V to ±100V and the current limit can be selected
from ±100fA to ±100mA. The name of the voltage or current protection used in
instrument settings is “Compliance”.
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Measuring signals. The HP4155A is a precise instrument. Howev0er, its ability
to make precise and reliable measurements depends also on probe-fixtures used. The
main fixtures are cabling. For low current measurements (current above 1nA) a
traditional coax cables may be used, but this causes some problems during the
measurement process. For low current measurements triax cables must be used. The
triax cables are a special low dielectric loss high impedance cables. These cables can be
used down to fA levels when properly used with guarded probes. The guard voltage
tracks the force voltage exactly, so that no voltage drop can exist between the guard and
the force. This eliminates the capacitive loading that would otherwise limit low current
measurements. The Fig. 4.4 shows triax connection between SMU and device under
test.

Fig. 4.4. Triax connection between the SMU and DUT (device under test)

Probes. All measurements are realised on-wafer (hence, “on-wafer
measurements”), it means that for the device measurement it is not necessary to fix a
device into a package or other contacting systems. By coaxial probes (for DC
measurements) and picoprobes (for RF measurements) all measurements can be done
directly on wafer.

Fig. 4.5. Illustration of the DC measurement probe with the correct connection to the triax connector

Fig. 4.5 shows one type of  coaxial probes (Karl Suss) for DC measurements, with
coaxial conversion between the triax and the coax interconnection. This connection is
appropriate for low current measurements as described above.
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For RF measurements – so called Ground-Signal-Ground (GSG) configuration is
necessary, because the parasitics effects, due to the device bonding to microstrip line,
must be minimised. For a good alignment of the device contacts with the picoprobes the
device layout must be normalised. Fig. 4.6 shows one of a typical picoprobe (Model
40A) with the layout structure of the transistor.

Fig. 4.6 RF probes with detail view

The picoprobes have low loss and achieve an insertion loss of less than 1.0 dB
and return loss of greater than 18 dB through 40 GHz. The tips are from Beryllium-
Cooper and they provide reliable contacts. This reliable low resistance contact is one of
the keys for realising exact and highly repeatable measurements. The probe uses a
precise miniature 50Ω coaxial cable from the probe tips to the connector interface
(compatible with SMA and 3,5mm connectors). The miniature coaxial cable is
fabricated from flexible Beryllium-Copper. These picoprobes are suitable for
measurements from DC to High frequency. For low current measurements it is
necessary to use the relative connections as shown in Fig. 4.5 for DC probes.

4.2 Optical measurements

For optical measurements on MSM photodetectors and OPTO-HEMTs, two
additional instruments besides of the HP4155A are used. These instruments produce
and regulate the optical power (laser radiation).

One of this instruments is the HP8153A [15]. The instrument contains a laser
source and a ligtwave multimeter. The communication with the computer is realised as
in the HP4155A case via the HPIB bus. This laser source is built on a dual laser diode
based on InGaAsP material. The laser characteristics are :

•  The operating wavelengths are 1310,9 nm and 1533,6 nm.
•  The laser beam diameter is 9 µm, hence support for 9/125 µm – 100/140 µm optical

fiber type with NA<0,3.
•  The numerical aperture is 0,1.
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•  The optical power is more than –1 dBm, what means more than 790 µW.
•  ± 0.005 dB laser source power stability.

Warning :
This laser operates outside the human eye visible spectrum, therefore a user must be
careful to operate with this laser system, because the laser radiation is dangerous for
eyes.

The HP8153A instrument contains also a wavelength multimeter, whose one part is the
external optical sensor (optical head). The used sensor element is based on InGaAs,
which has the following characteristics:

•  The detection range varies from 800 nm to 1650 nm.
•  The detected power range about from –70 dBm to +23 dBm, depending on the used

wavelength.
•  The resolution is 100 nW on 0 dBm range.
•  ± 2.2 % absolute power accuracy.

The HP8156A is the second, instrument used for optical measurements and it
represents the optical attenuator [16], which regulates value of the optical power from
the laser source. The attenuator characteristics are :

•  The wavelength range from 1200 nm to 1650 nm, which corresponds to the used
laser source.

•  The attenuation range is 60 dB, with 0.001 dB resolution without ranging (excluding
insertion loss about 3 - 4,5 dBm).

•  The return loss is higher than 35 dB.
•  The typical linearity <±0.05 dB.
•  The minimum attenuation step is 0,001 dB.
•  Maximum input power +23 dBm (200 mW).

The complete optical measurement system is presented in Fig. 4.7. The used
optical fibers are single-mode 9/125 µm type (step-index).

Fig. 4.7. Block scheme of the optical part of the measurement system

The optical power from the laser source (HP8153A) is attenuated by the optical
attenuator on an appropriate value, this is controlled by the measurement program via
the HP-IB bus. The attenuator has an inserted loss (about 3 dB), therefore the optical
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power from output is about 3 dB smaller than in the attenuator input. In reality, it means
if the optical power from the laser source is –1 dBm (790 µW) then the output optical
power from the attenuator, with 0 dB attenuation, is –4 dBm (400 µW). The maximum
value of the output optical power depends on the optical connector types, then, for high
distances on the optical fiber type (Fig. 4.8b) and on the optical line distance, etc. The
length of the optical cable is not more than 1.5 m in laboratory conditions, therefore the
output optical power depends only on the optical connector and cleanness of the optical
fiber endings.

The optical fiber has no optical connector on the side of the device under control,
because the  active array of measured devices corresponds to the fiber width. The
optical fiber termination is shown in Fig. 4.8a below.

Fig. 4.8. Optical fiber support (a). Optical fibers. Step index fiber having slightly larger refractive index
(b-above). Graded-index fiber having a parabolic grading of the refractive index in the core (b-below)

The radius (R -Fig. 4.8a) of the optical fiber turn depends on the critical angle, on
the fiber material and it is defined by the producer.

In Fig. 4.8b two types of optical fibers are shown. One type (above) is called step
index fiber, because the index of the refraction looks like as step function. The light is
transmitted along the length of the fiber by the internal reflection at the step in the
refractive index. The critical angel for the internal reflection is calculated as

sinθ c n n= 1 2 , 4.1

where n1  and n2  are the indices of the refraction of the core and cladding. A light pulse
reaching the end of a step index fiber will result in a pulse spread. In a gradient-index
fiber (Fig. 4.8b-below), the index decreases from the core by a parabolic law. Here, rays
traversing towards the cladding have a high velocity (due to the lower index of the
refraction) than rays along the center of the core. The pulse spread is significantly
reduced. As the light is transmitted along the optical fiber, the light signal will be
attenuated, typical attenuations are about 0,6 dB/km at a wavelength of 1,3 µm and 0,2
dB/km at 1,55 µm.
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4.3 HF measurements

The HF means the small signal measurement. These measurements are necessary
to determine high frequency properties of HEMTs. From the measured data (S-
parameters) a HEMT model can be calculated and the HEMT high frequency properties
known. The S-parameters measurements are realised by means of the 40GHz
measurement system from Anritsu-Wiltron model:360 as shown Fig. 4.9 below.

Fig. 4.9. Block scheme of the S-parameters measurement system

The core of the measurement system is the vector network analyser, consists of
the Mainframe model 360, high frequency power source (Model 360SS69 System
Source [18]). and Test set (Model 3621 [17]) . The measurement is done on-wafer by
picoprobes.

The high frequency signal source operates from 40MHz to 40GHz with 100KHz
resolution step [18]. The core of the signal source is the YIG oscillator (in reality,
instrument contains three YIG oscillators for the deferent frequency ranges, the
selection of the actual oscillator is realised by the PIN SWITCH as shown in Fig. 4.10.
The signal from the YIG oscillator is adjusted by the PIN modulator, which is
controlled by the Mainframe. The signal output level and frequency are regulated by
tuning the bias voltages of the YIG oscillator, controlled from the control network with
reaction, which observes the constant output power and frequency. This reaction is
realised with the RF COUPLER/detector and additional electronic circuits. The output
power and signal frequency are controlled by the Mainframe via the source control
system bus [18]. The block scheme of the signal source is shown in Fig. 4.10 below.
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Fig. 4.10. SOURCE signal generator block scheme

The TEST SET – it is essentially an sense module, which realises measurement
of the reflection and transmission coefficients as shown in the block scheme Fig. 4.11.

Fig. 4.11. TEST SET block scheme (DUT – device under test )

The RF signal from the SIGNAL source is feed to the transfer switch. The
transfer switch is essentially an electronic switch and pair of resistive splitters. When
this switch is in the forward position (left position), the signal passes through the port 1.
The resistive splitter maintains the same RF power, magnitude and phase relationship
going into the reference path (RA) and the test port. Similarly, when the switch is in the
reverse position, the source signal passes to port 2. The resistive splitter again maintains
the same RF power, magnitude and phase relationship going into reference path (RB)
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and the test port. As a detection circuits are used two couplers. In the forward mode, the
coupler couples energy reflected from the DUT to the TA channel. In the reverse mode,
the transmission power that passes through the DUT is coupled to the TA channel. The
DC bias module is necessary for the gate and the drain bias voltage append. Measured
signal is adjusted and amplified by additional circuits.[18]

The Mainframe is the central computer, which contains the control and display
unit and other interfaces. The Mainframe controls the signal source, the test set and
communicates via the HP-IB bus with computer. The block scheme of the Mainframe is
shown below.

Fig. 4.12. Mainframe block scheme

The Mainframe contains input circuits (the filters and the sample & hold circuits),
which are necessary for the property work of the A/D converter. The transformation
from an analogue measured signal to a digital signal is realised by the 19 bit A/D
converter and hence a resolution 4,5 digits is achieved. All the measured signals in the
digital form pass to the CPU – central processor unit, which contains an operation
memory, a mathematical coprocessor, etc.. One of the tasks of the CPU is the
calculation of the S-parameters, from the measured values. This calculation is done by
the mathematical operations as shown below.

Forward reflection : s TA RA11 " Reverse transmission : s TA RB12 "

Reverse reflection : s TB RB22 " Forward transmission : s TB RA21 "

This equations correspond to the equations described in the theoretical part
(chapter 2.3.2) of the thesis. The CPU attends the display interface used for visualising
of the measurement setting, measured data, etc.. For the contact with the external
surroundings the I/O interface (I/O-input/output) serves. By this interface CPU
communicates with another instruments via the buss.
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5 Description of the measurement software

In the program creating process the HP VEE 5.0 was used. The motivation to use
the HP VEE arrived from the simplicity of the HP VEE programming language, which
contains many useful possibilities for the measurement applications creating. The HP
VEE is Hewlett Packard’s Visual Engineering Environment, a graphical programming
language for creating measurement systems and solving engineering problems [22].

5.1 Generally part
The main idea was the creation of the simple and useful measurement programs

for the electronic and optoelectronic devices. Therefore each main program is divided
into a few basic parts as shown in Fig. 5.1 below. The data transfer among the single
program parts is realised by global variables.

Fig. 5.1. Program block structure

The global variables are appropriate for the fast program operation and they can
be divided into two main groups:

1) Setting variables are used for the measurement system and measurement conditions
setting (the measurement and hardware setting variables).

2) Measurement variables, are placed usually in n-dimensional arrays and they are
necessary for the measured data storage (it can be measured currents, voltages
obtained by the measurement).

This is one way to storage the data, other way is files use, but files are placed on
the computer hard-disk and the access time is much higher as in the global variables
case. In the HP VEE, two types of the global variables can be used, they are declared
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and undeclared variables. Undeclared variables are easiest to use, in this case the
program execute is slower, but sufficient. If the type and dimension of the global
variable is known, then is better to declare the global variable. For example, the global
variables of diode voltages, transistor input and output terminal voltages can be
declared. If the global variables are declared, then mainly the mathematical operations
are accelerated. Fig .5.2 shows the process of the global variables creating, declaring
and getting.

Fig .5.2. The global variable declaring, creating and getting (accessing) process

In the following the main principles of the program single parts are described.
Each program part realises the specific function of the main program and all parts are
each other dependent.

The “Measurement SETUP” part is necessary to set initial measurement
conditions. The initial conditions are presented as parameters required by the
measurement system to start the measurement ( e.g. setting voltages, current limits, time
values and some another settings, it depends on the measurement program type). The
short example of the global variable getting and setting, used in the main program
shows Fig. 5.3. This function is simple and continues in a few steps. At the beginning,
after the function start, the global variable “Vds” (block “Get Vds”) is get. This value is
saved into the “Real” block (”value=1.5 (Fig. 5.3)). In the following, the program wait
until the “OK” button is activate. During this step the value in the block “Real” can be
change by a user (value is changed to 1.7). When the “OK” button is activate, the
program continues and the new value is written in the global variable (block “Set Vds”).

Fig. 5.3. Measurement SETUP example

All techniques about creating blocks and functions, how to create the panel for
each block, are described in [22], [23].
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The “Hardware SETUP” part has the same structure as the Measurement
SETUP part, only the variables are used for the instrument hardware settings such as the
SMUs selection, integration time and wait time. The work with this menu requires the
knowledge about the hardware and circuit connections. Wrong settings (the SMUs
selection) can destroy the measured device. This menu is therefore in all programs
displayed as red button [Appendix : A - E].

All entries into the global variables (in the measurement and hardware setup) are
controlled by the protection utility. The protection utility controls the accuracy of the
entered value. If the value is out of range or incorrect the protection utility holds the
measurement, because the wrong value can causes errors in the measurement process.
The block scheme of the protection utility is shown in Fig. 5.4 below.

Fig. 5.4. The protection utility block diagram

This utility can be described in a few steps. In the first step the value is entered,
this value is compared with the minimal and maximal available reference values. If the
value is in the range, then the entered value is saved into the global variable. In other
case the wrong entered value goes to the re-enter block and there it can be re-entered by
a user to the correct value and this new corrected value will overwrite the old global
variable.

The “Measurement” part provides measurement process. Here, all measurement
and hardware global variables are used. The communication between the computer and
the measurement unit is realised by the direct I/O (Input/Output). It means all
instructions are sent into the instrument as standard string forms. Each measurement
instrument has defined string instruction set [24], [25], [26]. Fig. 5.5 shows the
example, where the “Vds” value is written into the measurement unit HP4155A and
after is re-read back into the computer.

If the “Start” button is activated the “Vds” value is get, this value is, after the
HP4155A resetting and register cleaning, sent into the instrument and then, the value
from the instrument is re-read. If the HP4155A is switch off or the HP-IB connection is
break, than on the pin “Error” of the “SPA” block the value=811 will occur and through
the compare block will be activated the error message. The error message block “Error
message” is used to visualise of this instrument disconnection error.
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Fig. 5.5. The communication block example of the HP4155A unit

The complete measurement block structure, used in the programs, is shown in
Fig. 5.6. At the beginning all measurement units are initialised. The initialisation
contains reset, clear instrument registers, send initial setting values (voltage ranges,
steps, limitations, etc.). After the successful initialisation, the measurement process
starts. The measurement unit HP4155A, during the measuring, stores all measured data
into the internal instrument memory. It means that measurement data must be send after
measurement termination and therefore measurement program must wait for the
measurement finishing. If the measurement is finished, then the data can be transferred
via HP-IB bus into the computer. For other instrument, e.g. KEITHLEY 617, (voltage
source with multimeter), the data are sent after each sample (it means that for one
applied voltage one current value is sent). After the data are transferred into the
computer and then this data are saved into the measurement global variables and
measurement process is completely finished.

Fig. 5.6. The measurement block structure

The waiting for measured data can succeed various time values. This waiting
period can be realised by the wait instruction in the instrument program block “SPA”
(Fig. 5.5) [24], but it is not appropriate method. If the measurement time is longer than
default timeout (set in the HP VEE options), the timeout error will occur as the error
message on the computer screen and measurement process will stopped (The previous
measurement data will stay saved). Therefore a user must set the default timeout value,
in the options of the HP VEE program high enough for example 10-50 s or higher. It
depends on a number of the measured points etc. This is inept, because if something is
wrong with some instrument or HP-IB connection, a user must wait this defined timeout
for error message, to get information about status of the measurement system. This
problem can be solved by the function as shown in Fig. 5.7 below.
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Fig. 5.7. The measurement function

The waiting for the measurement finish is realised in cycle “Until Break”. In this
cycle, each 0,5s time interval the function, by the block “SPA”, checks the operation
state of the HP4155A. The interval 0,5s “Delay” is necessary for the continuous system
work, because without this delay, the computer reads data from the HP-IB bus each
possible time and then loads the HP4155A. It means that measurement process is
delayed by the bus communication. If on the “SPA” block output the string “IDLE”
occurs, the measurement is finished. Then, the function by the block “array size SPA”
gets the number of measured points, and from this number calculates, in the “New
Timeout calculating” block, the new timeout value, which is necessary for essentially
data transfer. This timeout calculating formula was dedicated by experiment. The new
timeout value is set as default timeout into the “Get Vds” and “Get Id” blocks and the
transferring of the measured values can start. The transferring is realised in the one-
dimensional arrays. If the measured data was completely transferred, then the data are
sent into the global variables blocks “Set vds” and “Set Id”. Then the function continues
to the blocks “Default timeout 5s” and “set default timeout”, where the default timeout
5s is set. Finally the function checks if the transferring was without errors and after the
measured data are written into the global arrays. If the error occurs during the
measurement, the block “Call SPA ERROR” will activate the error message and
measurement is aborted. This error message contains error number, which corresponds
with the instrument manual. Fig. 5.8 shows the detail of the communication block,
which realises the transfer of the “Vds” variable from HP4155A into an n-dimensional
array.
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Fig. 5.8. Communication block – detail (np – number of measured points, Vds – output array of the
measured values)

The “SAVE” part stores the data into the files and it contains two main parts :

1) The “Save data file” part: The data file contains all settings, measured values and
the additional data such as the measurement date and device name, etc. This file can
be used as the backup of the measurement. Also it can be used to repeat the
measurement. It is possible, because the data file contains all settings, which was
used in the previous (saved) measurement. Next advantage of the data file is the
possibility to generate the text (ASCII) files by means of the competent
measurement program. The file structure contains header it is first several lines.
Importance is only second header line, which contains program identification word,
necessary in the “LOAD” block. The header contains also the device name
(measured time) and lines with measurement settings and measured values, which
are placed in the containers [23]. (This data files cannot be imported into the
Origin.)

2) The Save text file part: The text file contains only the measured data (e.g. the diode
voltage, diode current, etc.) in text (ASCII) format. The text file is assigned for tab
processors as Microcalc ORIGIN, Microsoft Excel, LOTUS 1-2-3, etc. In the tab
processors the measured data can be evaluated to the final shape (Graphs, papers,
etc.). Fig. 5.9 presents the simple example, how can be the data saved into the file.

Fig. 5.9. SAVE block example.

The first block “File Name Selection” represents the windows browser with the
possibilities such as: the file name editing and the new folder selection or creation. The
following block “To file” realises the disk-drive operations.
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The “LOAD” part has the same structure than the “SAVE” part. The difference is
only that the data are not written but read from the file. The loaded data are also placed
in the global variables. The “LOAD” part is programmed only for the operations with
the data files (*.dat) described above in the “SAVE” part. Important is only, that the
“LOAD” part controls the correctness of the loaded data file. Exactly, the “LOAD”
parts controls the second header line, which contains the program identification word.
All measurement programs have own identification word, therefore if an incorrect file is
loaded into the measurement program, the information message, about inaccuracy of the
file will occur. The example of data reading from the file is shown in Fig. 5.10 below.

Fig. 5.10. The load block example, (first block File name selection – choose file, then read data from the
file and at last display data)

The line “EXECUTE CLOSE” in the “From File” block closes the file after the
operation finishing and it is necessary for immaculate program work. If this line is not
presented, some errors with reading, except with writing can occur.

The “Display” part visualises the measured or loaded values. In this part,
besides of the measured characteristics the additional (calculated) characteristics as the
transconductance, output conductance, photocurrent, responsivity and quantum
efficiency characteristics can be displayed. Fig. 5.11 shows one part of the “Display”
part, which shows the output characteristics for two values of the gate voltage.

Fig. 5.11. Display module example
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5.2 MSM photodetector

The measurement of the MSM photodetector is realised by the “PHOTODIODE-
ATT” measurement program [appendix E]. The program can be used to measure the
simple diode I-V characteristics for various optical powers. At first the I-V
characteristics without applied optical power and then for each selected optical power
are measured. After the measurement, the program calculates the photocurrent, the
responsivity and the quantum efficiency of the measured photodetector. The principles
of the calculation are presented in the theoretical part (chapter 1.5) and they are realised
in experimental part (chapters 6.2, 6.3). All obtained values (the measured, calculated
and settings values) are saved into the files (the data and text files as described in
chapter 5.1).

The program has the similar structure as presented in chapter 5.1, but it contains
two additional parts: the “optical power setup” and the “calibration” part.

In the “optical power setup” part a user can define the required optical power.
This determination is realised in the range with definable the optical power amount. The
maximal and minimal possible values of the optical power are determined by the
calibration values obtained from the optical calibration process.

The ”calibration” part realises the optical power calibration. The value of the
calibrated optical power, besides of another, is necessary for the responsivity and
quantum efficiency calculation. The principle of the optical power calibration rest in the
measurement of the maximal output power from the laser source, through the optical
attenuator (chapter 4.2). The block scheme of the calibration process is shown in Fig.
5.12 below.

Fig. 5.12. Block scheme of the optical calibration process

After the start the calibration process, the laser source (HP8153A) is switched on
and the laser wavelength is set, then the attenuator settings are applied. The settings are
realised for the same wavelength, as was used in the laser source. The attenuation is set
to 0 dB and then the optical power measurement is realised for a few values
(approximately 5 values) of the optical power. This values are used to calculate the
average value of the optical power at the 0 dB attenuation. The same procedure is
repeated for the 10 dB attenuation. The average values from this two procedures are
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used in the calculation module “Calculating: (A+(B-10))/2”, where the final value is
calculated. This method is used to improve the attenuation linearity.

This calibration process is realised for both wavelength due to that the HP8153A
contains the dual laser source. Therefore finally, two calibration values obtained by the
calibration process are written as global variable and save into the calibration file (PD
ATT.cal). This file is open, when the measurement program starts and the calibrated
data from this file are set as the default calibration values in actual measurement. The
new successfully calibration will overwrite this calibration file by the new file, which
contains the new calibrations values (usable in the following measurements).

The optical attenuator (HP8456A) has one interesting possibility, it is that a user
can offset the attenuation factor by means of the calibration factor [16]. This can be
described by the following equation

Att dB Att dB Cal dBOUT = − , 5.1

where AttOUT  is the real attenuation without shifting, Att  is the attenuation factor, used
in the measurement program as the negative value of the output optical power (is shown
at the top left of the HP8156A display) and Cal  is the calibration factor, set by the
measurement program as the reference value obtained from the calibration process
(shown at the bottom left of the HP8156A display). The calibration factor can get the
values from –99 dB to 99 dB. The attenuation means decreasing of the output power,
therefore the attenuation gets the positive values (attenuation 3 dB means that if the
input power is 0 dB, then the output power will be –3 dB). The recalculation to dBm is
given by

[ ]( )[ ] 10log 1Att dBm Att W mW= . 5.2

As written before, the calibration factor is used to offset the values of the
attenuation factor. The attenuation factor is corrected by the real optical power value. If
the output optical power equals 500 µW (-3 dBm), when the attenuation and calibration
factor equal 0 dB, then the calibration value will be -3 dB, it means that the output
attenuation is shifted about +3 dB concerning the attenuation factor (the attenuator
range in this case is from 3 dB to 63 dB and it corresponds with optical power values
from –63 dBm to –3 dBm). In the real situation, the equality between the attenuation
factor and the real output optical power is obtained by the calibration factor (+3 dB).
The real optical power equals to the negative value of the attenuator factor. For
example, when a user will set the attenuation factor ( Att ) to 10 dB, the real output
optical power will be –10 dBm and real attenuation (AttOUT ) will be 7 dB, when the
calibration factor (Cal) equals 3 dB. This is full principle of the calibration process.
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5.3 HEMT HF calculation

The part below treat about the calculating program, which computes the high
frequency transistor parameters from the measured S-parameters.

The calculation of the HF parameters (ft, fmax) from the measured S-parameters,
can be realised by several ways. It can be calculated by Origin, Excel, etc., but this is a
slow process to obtain required values. Therefore the HF calculating program was
created. The program has a structure like the DC measurement programs, only block
measurement is missing. This program calculates, displays and saves the HF parameters
as K, h21, GU, MAG, MSG, ft and fmax. The block program structure is shown in Fig.
5.13 below.

Fig. 5.13. The block scheme of the HF-parameters calculating program

In the next the single parts of the program will be shortly described.
The “LOAD” part loads the measured S-parameter values from the “s2p” data

files. The structure of the “*.s2p” files have the format required by the MMICAD
program. The MMICAD program and this file structure are described in [29]. One data
file contains S-parameter data measured in one transistor bias point (for the constant DC
gate and drain transistor voltage). The number of the loaded data files can be variant.
The program can load the data files in the range from 1 to approximately 30 and more.
The loaded data are placed in n-dimensional global arrays, the arrays dimension
depends on the amount of the loaded files. For example if the four data files will be
loaded and each file contains S-parameter data measured for 100 frequencies, then the
arrays dimension will be four and each one-dimensional array contains 100 elements.
The block diagram of the “LOAD” module is shown in Fig. 5.14 below.

Fig. 5.14. “LOAD” block module
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The first block checks the S-parameter data files amount. The data files must be
placed in the identical folder and their file name must contains the name and the file
sequential number (e.g. mess1.s2p). The file sequential number defines the loading
sequence. After the files amount investigation the data from the files are loaded and
then written into the global variables as described before.

The “COMPUTING” part calculates the HF parameters and writes the
calculated parameters into the global variables. The HF parameters computing is in the
program realised by the calculation function as shown in Fig. 5.15 below.

Fig. 5.15. The HF parameters (K, MSG, GU, h21)calculating function

These HF parameters are calculated by using the equations, which are presented
in the theoretical part (chapters 2.3.4 and 2.3.5). The computing is realised in the cycles,
where the one-dimensional array of the HF parameters is calculated in each cycle. The
number of the cycles depends on the loaded files amount. If the calculation is finished
the calculated values are collected in the block “Collector” and then written into the
global variables. Up to now all about one HF parameters are described. This one
parameter is the MAG – maximum available gain, which can be calculated only for
stability factor K>1. If K<1, then  MAG does not exist, therefore the calculating
function is a little bit complicated. Fig. 5.16 shows the MAG calculation function.

The MAG calculation is realised particularly for each single value, this is done by
the two cycles, one selects the one-dimensional array from the n-dimensional array and
second selects the single value from this one-dimensional array. The block “IF K<1
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Then compute” designates which value of the MAG exists. The MAG calculation
requires much more time as calculating of other HF parameters.

Fig. 5.16. MAG computing function

The “FIT RANGE” part contains blocks, which realises the computing of the
current gain cut-off frequency (ft) and maximum frequency (fmax). The values of ft and
fmax are obtained from the fitting of the calculated (in the block “CUMPUTING”)
current gain (h21) and unilateral power gain (Gu) values. This fitting is realised in the
program by the function as shown in Fig. 5.17 below.

Fig. 5.17. The fmax values computing function

The maximum frequency is calculated in the function for each applied transistor
bias point, therefore this function contains cycle “For Range”. The block “Get Gu”
selects the one-dimensional array from the n-dimensional array of the previous
calculated “Gu” values. The block “Get values” selects the data set from the one-
dimensional “Gu” array. The conditions of the data set selection are assigned by the
blocks “From” and “To”. It means, if “From=50”, “To=100” and the Gu one-
dimensional array contains 185 points, then the output array (on the pad “Result”) will
contains 50 points, which were selected from the original array (points from 50 to 100).
This modified array is fitted in the block “Regression(log)”. The output from this block
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are two coefficients of the logarithmic regression, used to calculate  the fmax values in
the block “Formula (fmax)”. The maximum frequency value is calculated by the
extrapolation of the calculated Gu values to the unity (chapter 2.3.5) and it can be
expressed by

C C f f C Ct t0 1
2

0 11 1+ = = ⇒ = −log( ) exp( )h21 , 5.3

where C0 1>> . The calculated data of the fmax are collected into the block “Collector”
and after written into the global variable “fmax”. The same principle is used for the ft

values calculation, only Gu array is replaced by the h21 array.

The “Display” part visualises the measured and calculated values. This part allow
review all measured and calculated results for each applied operation condition. This
HF parameters are K, h21, Gu, MAG, MSG, ft, fmax, S11, S22, S12, S21. More details
about this program part is described in (appendix D).

The “SAVE” part realises the saving of the calculated data (K, h21, Gu, MSG,
MAG, ft, fmax) into the text file, which can be imported into the Origin, Excel, etc.



II. Experimental part – MSM photodetector measurements

64

6 MSM photodetector

6.1 Direct current (DC) measurement of the MSM photodetector

The measurement is realised by the measurement program PHOTODIODE-ATT
(appendix E). The results obtained by the program are the DC I-V characteristics
measured for the various optical powers. The block scheme of the measurement place is
presented in Fig. 6.1 below.

Fig. 6.1. Electric scheme of the MSM DC I-V measurement

The polarity of the voltage source “Vd” depends on the MSM photodetector type.
The MSM photodetector can be produced as two or also as one Schottky contact. In the
case of the single Schottky contact detector, the voltage source polarity must be set
negative, because the MSM photodetector operates in the reverse region. Beside of
another the measurement system contains also the common and the additional voltage
source electrode (available for the special measurements, for example additional layer
voltage, etc.).

In the following measurement process the InGaAs/InP MSM photodetector 20/5-
12 was used (here first number introduced the active photodetector array 20 x 20 µm,
second number means finger width 500 nm and the last number means the distance
between two fingers 1,2 µm). The measurements was realised on-wafer, therefore the
MSM photodetectors had the adapted layer pad structure. Two types of this pad
structure, which was used in the measurement, are shown in Fig. 6.2.

Fig. 6.2 The layer pad structure of the MSM photodetectors
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The measured results of the photodetector current for some optical powers are
presented in Fig. 6.3.
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Fig. 6.3. MSM photodetector I-V characteristic for few different optical powers

6.2 Calculation of the photodetector responsivity.

The responsivity of the photodetector is calculated by Eq. 1.21. In the
measurement program the responsivity is computed by the function, which is shown in
Fig. 6.4. The function requires following input values:  the one-dimensional array
“ATT_VAL”, which represents the applied optical powers, the one-dimensional array
of the dark-current  “Id(off)” (measured without the optical power) and the n-
dimensional array of the photodetector current “ID” (the dimension of the “ID” array
corespondents with the applied optical powers amount). The function output is the n-
dimensional array of the photodetector responsivity “R”.

The function contains following steps: At the beginning, the function checks
amount of the applied optical powers (“Get Global ATT_VAL”, “Get Mappings”). This
number is used in the setting of the cycle amount in the block “For Range”. The one-
dimensional array of the responsivity values is calculated in each single cycle (it means,
for one applied optical power will calculated one-dimensional array of the responsivity
values). The block “Call dBm_from_to_W” converts the dBm input values into the µW
output values, which are used for the responsivity calculation in the block “Calc R”.
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The responsivity results placed in the one-dimensional arrays are collected in the block
“Collector” and written into the global variable “R”.

Fig. 6.4. Calculation function of the photodetector responsivity

The calculated values of the photodetector responsivity are shown in Fig. 6.5. For
the calculation the values  come from Fig. 6.3 was used.
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Fig. 6.5. Responsivity characteristics of the MSM photodetector
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6.3 Calculation of the photodetector quantum efficiency

The quantum efficiency calculation is based on the previous calculated
responsivity values, which corespondents with Eq. 1.20. It can be  modified to

Q hc
q

R=
λ

. 6.4

This calculation, in the measurement program is also realised as the function (Fig.
6.6). The principle of the operation is the same as applied in the responsivity calculation
above, only the input variables and the output variable are another.

Fig. 6.6. Calculation function of the photodetector quantum efficiency

The function requires the n-dimensional array of the responsivity values “R” and
the defined constants, as h  (Planck constant), c  (speed of light in vacuum), q
(elementary charge) and λ  (optical wavelength). The function output is the n-
dimensional array of the quantum efficiency values “Q”. The calculated results are
presented in Fig. 6.7 (“R” values come from Fig. 6.5)
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Fig. 6.7. The calculated quantum efficiency values of the MSM photodetector
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6.4 Additional effect occurred during the measurement.

The measured MSM photodetector had small dark current of about 4nA. At the
beginning the I-V measurement was realised with the BNC connections between the
sample and the SMU (HP4155A). In this case the capacity cable effect was observed.
This effect moved the measured characteristic of the MSM photodetector as shown in
Fig. 6.8 below.

The effect is build on a simple charging and discharging of the parallel cable
capacitor. The changes of the measured characteristics depends on the diode current and
the cable capacity. For higher currents through the cable capacitor the discharging or
charging is faster than for the smaller currents, therefore the I-V characteristic measured
with the BNC cable looks shifted.

In the next case the software settings was applied. Before each sampling (Fig. 7.3)
the delay time (1s) was inserted. The value of the voltage on the device parallel with the
cable capacitor, through this time, was discharging (Fig. 6.8 for Vd < 0 V) or charging
(Vd > 0 V). In this case the cable capacity effect was not so strong, but it exist. For
higher values of the delay time will be this effect absolutely pressed (it depends on the
R-C time constant). This capacity effect is stronger with decreasing of the device
current and increasing the BNC cable length (capacity). It follows that for the low
current measurement is necessary use the triax cables (chapter 4.1) or set the high
values of the delay time, which leads to increase the total measurement time.
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Fig. 6.8 Illustration of the cable parasitic effect in the case of the MSM photodetector measurement
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In the next an another problem appeared, it was problem with optimisation of the
laser fiber on the diode finger structure (active array). The optimisation was realised to
get the maximum value of the responsivity. At the beginning the optimisation was done
for the voltage range of the photodetector from –2 V to 0 V. The laser fiber was shifted
manually and with the shifting was checked the maximal photodetector current value in
this defined range. The obtained results are shown in Fig. 6.9b. After the same
conditions were applied for the reverse range < 0, 2 >  and the measured results are
shown in Fig. 6.9c. Finally, the optimisation was realised for only one value (Vd= -6V)
of the photodetector voltage and the obtained results, for higher voltages, were better
(Fig. 6.9a) than in other (above) described cases.

Therefore a user must choose a suitable optimisation range for the photodetector,
which depends exactly on the operating voltage of the photodetector. The described
effect is probably incidental with an irradiation areas of the Schottky contacts and it was
spotted with the laser fiber movement from one to another accumulation electrode of the
photodetector as presents.
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Fig. 6.9. The optical optimisation process. For the optimisation range of the photodetector voltage<-2,
0> (). For the range <0, 2> (c). For one value Vd = 6V (a)

The changes of the photodetector current are reflected in the calculated values of
the responsivity and quantum efficiency as is presented in Fig. 6.10 and xxx below.
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Fig. 6.10. The changes of the responsivity values due to changing of the photodetector optimisation range
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7 HEMT

7.1 Direct current (DC) measurements of HEMT

The DC measurements are initially applied in the control process of the
transistor function. For the DC transistor measurement the voltage sources and
ampermeters (senses) with the adequate resolution and sensitivity mainly for the gate
voltage and current are recommended. The gate voltage is negative to the source
electrode, due to, that the gate is created by a Schottky contact and a HEMT is a
depletion type transistor. It means, that the drain current is smaller with the higher
negative gate voltage. The electrical scheme for the DC output, input and transfer
characteristics measurements is shown in Fig. 7.1 below.

Fig. 7.1. Measurement electric scheme of the DC measurement

The arrow in the schematic symbol in the gate of the HEMT illustrates the
Schottky diode and means that under the normal HEMT operation conditions, the
current flows from the gate electrode to the source electrode in the reverse direction.

The source and load impedance are not defined, and therefore when DC
measurements are performed, high probability that the HEMT will oscillate exist. This
effect is highly depending on the cable length, the impedance of the measurement unit
and so on. The oscillation can be seen as spikes in the measured characteristics. To
prevent the oscillation, the DC measurements should be realised with RF probes
(picoprobes) in a 50 Ω environment as shown below.

Fig. 7.2. Real connection of the HEMT and probes
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In the case of the small gate current (nA region, exactly in the MOSFET
measurement), the parasitic capacitive cable effect (on the BNC) can appear. This effect
on the gate electrode is transformed and amplified into the transfer and the other
transistor characteristics. It leads to the erroneous results and it is described for the
single Schottky contact in MSM photodetector part (chapter 4.1). In the following
measurements the InGaAs/InAlAs/InP pseudomorphic HEMT with Lg = 100 nm and
w=100 µm (ISI-FZ-Juelich) was used.

7.1.1 Output characteristics of HEMT

In the output characteristic measurement case the main variable is the drain
voltage and the gate voltage is constant or can be a secondary variable as shown in Fig.
7.4. In the measurement process the gate current can be monitored and drawn to a chart,
it contains information about dependence of the gate current on the drain voltage as
shown in Fig. 7.5. Fig. 7.3 shows the time diagram of the DC output characteristics
measurement with the varied gate voltages [14].

Fig. 7.3. Measurement process time diagram (DC – output characteristics)

The hold time, the delay time, and the values of “Vds”, “Vgs” are set in the
measurement menu of the measurement program (appendix A). The hold time is the
time, when the sweeping waits, and this is defined by a user as shown in figure Fig. 7.3
above. The delay time is waiting time before each drain or gate current sampling when a
new value of the drain voltage is applied. Except the delay, hold time and the
integration time can be configured in the “Hardware SETUP” of the measurement
program.

This measurement type is called sweep measurement and it is applicable for low
and medium power measurements. For the high power measurements the pulse type
measurement is necessary. This measurement type does not heat the device and
therefore does not modifies the measured characteristics. For this application the
additional power supply source is necessary [27].
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Fig. 7.4. Output characteristics of the HEMT for various gate voltages
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Fig. 7.5. Characteristics Ig=f(Vds) of the HEMT for various gate voltages
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7.1.2 Output conductance characteristics of HEMT

The output conductance (gout ) is calculated using the output characteristics by
Eq. 2.16. The gout  value depends on the drain voltage and the gout  calculation is in the
measurement program (appendix A) realised by the function as shown in Fig. 7.6
below.

Fig. 7.6. the function for gout  calculating

The input values are : the n-dimensional global array named “ids”, the one-
dimensional global arrays named “vgs”, “vds” and the output is the n-dimensional array
named “gout”. The array dimension of “Ids” depends on the amount of the “Vgs”
values. For example the dimension of the “Ids” array equals 3 (n=3), when the
measurement was done for the three different gate voltages. All these arrays (“vgs”,
“vds”, “gout”) are set as the global variable arrays and than they can be used in each
part of the measurement program. The block “Get mappings” checks the amount of the
points in the one-dimensional array named “vgs”. It  indicates, for how many values of
the gate voltage, the DC output measurement was realised and it is necessary to
calculate the output “gout” array. The calculation can be described in the following
steps. At the beginning, after the initialisation of the cycle block “For range”, the block
“Get Mappings” obtains the number of the array dimension from the global variable
“vgs”. In next step the calculation is done in the cycle (from 0 to 8). In each cycle
the one-dimensional array of the output transconductance is calculated by the blocks
“Formula (A/B)” and “deriv(x,1)”.  The block “Formula (ids[A,0:*])” selects the one-
dimensional array from the n-dimensional array “ids”. When the calculation is finished
the one-dimensional arrays are collected by the “Collector” block into one n-
dimensional array with identical mappings as the “ids” array has and then written into
the global variable. The derivation can be calculated for array, which contains minimal
5 elements. If the array contains less than five elements, the error in the “deriv(x,1)”
block will occur. This error is indicated on the pad “Error”. If this pad is activated the
calculation function is stopped and the “ gout ” array will not be calculated. Fig. 7.7
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shows the measured gout  characteristics of the HEMT for some values of the gate
voltage, calculated by this function (used input data come from Fig. 7.4).
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Fig. 7.7. Output conductance characteristics of the HEMT

7.1.3 Transfer characteristics of HEMT

The principle of the measurement is the same as applied before at the output
measurements. The only difference is that the gate voltage is selected as the main
variable and the drain voltage is selected as the additional (second) variable. Fig. 7.8
shows the measured transfer HEMT characteristics for the three values of the applied
drain voltage. Fig. 7.9 shows the input HEMT characteristics for the same conditions as
applied before in the transfer characteristics.
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Fig. 7.8. Transfer characteristics of the HEMT
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Fig. 7.9. Input characteristics of the HEMT
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7.1.4 Transconductance characteristics of HEMT

The transconductance (gm) calculation is realised using Eq. 2.17 and the measured
transfer characteristics. The calculation principle is the same as applied above for gout

calculation. The difference is, that only input and output variables are changed as shown
in figure Fig. 7.10 below.

Fig. 7.10. The function for the gm calculation

Fig. 7.11 shows transconductance characteristics of the HEMT, calculated by this
function (the input values come from Fig. 7.8).
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Fig. 7.11.Transconductance characteristics of the HEMT
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7.1.5 Threshold voltage determination

Two different procedures for the threshold voltage determination of the HEMT
are described below. One uses the transfer characteristics combined with gm

characteristics. At the beginning one must find the maximum value of the gm , and then
in the point “A” (Fig. 7.12), which arise from the intersection of the vertical line,
crossed the gm  maximum, with the transfer characteristic. In this point “A” one must
draw the tangent line. The tangent line cross “Vgs” axis and this intersection with “Vgs”
axis means the effective threshold voltage [8].

Another way to determine the threshold voltage by using the dependence of the
square root of the drain current on the gate voltage draw as shown in Fig. 7.13. The
threshold voltage is a result of the intersection of the tangent line with “Vgs” axis. This
procedure is a result of the HEMT model as was described in the theoretical part
[chapter 2.2.2].

The values obtained from this two procedures are approximately the same. For the
approximate determination of the threshold voltage value it is sufficient to get the
effective threshold voltage, or for more exactly determination it is necessary to make
analysis of the HEMT model and then draw the special characteristics. In this case the
threshold voltage determination is sensitive to the technological parameters, exactly to
the transistor gate length. (it is not so easy to get the correct tangent approximation, in
all cases).
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Fig. 7.12. Effective threshold voltage determination
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Fig. 7.13. Threshold voltage determination

7.1.6 Breakdown voltage measurement.

This special measurement type is used to know the maximal operating conditions
of HEMTs. If the drain voltage increases, avalanche breakdown of the gate-to-channel
diode occurs, and the drain current suddenly increases. The breakdown occurs at the
drain end of the channel where the reverse voltage is highest [2]:

V V V V breakdown voltageB ds gs B" ( )( ) 7.1

For example if the breakdown voltage is 11V and the gate voltage is –5V, the
transistor will breakthrough when drain voltage is increased to 6V value. The electric
scheme of the breakdown measurement is shown in Fig. 7.14 below.

Fig. 7.14. Electric scheme of the Breakdown measurement
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For the breakdown voltage measurement it is necessary to meet two conditions:

1) The drain current, which can be set as a constant by a user, must be higher than the
gate current, because, in another case the gate-substrate voltage due to the gate
current will be higher than the drain-source voltage due to the drain current. Then
the drain current and voltage will acquire the negative values.

3) Constant drain current must be as small as possible, because the high drain current
can damage the HEMT or change its properties.

Fig. 7.15 shows the breakdown characteristic. From this characteristic, the
breakdown voltage is calculated applying Eq. 7.1 and corresponds to value of 7.45 V
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Fig. 7.15. The HEMT Breakdown characteristic

The breakdown measurements are specific kind of the hot electron stress
measurements and therefore the breakdown characteristics as reliability characteristics
measurements can change the property of the device. Therefore, it is suitable to measure
this characteristic at the end of all measurements.
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7.2 HF measurements of HEMT

The InGaAs/InAlAs/InP pseudomorphic HEMT with Lg=150 nm and w=100 µm
[ISI-FZ-Jülich] was used in the measurements. These were realised for a few bias points
of the HEMT by the Wiltron measurement system and they gave the S-parameter data
in the “*.s2p” files. These files were imported into the HF calculating program
[appendix D], where the data were evaluated into the final shape. Fig. 7.16 shows the
calculated values of the current gain cut-off frequency (transit frequency - ft) for the
different transistor bias points (Vgs=var, Vds=cons).

The S-parameter data obtained for one bias point, where the transit frequency is
maximal (Fig. 7.16) are shown in Fig. 7.23 and Fig. 7.24. The data in Fig. 7.16 was
obtained from the –20 dB/dec approximation of the measured current gain (h21) values
as shown in Fig. 7.17. The difference between the “easy” approximation of the
measured values and –20 dB/dec slope approximation for the same bias conditions are
shown in details in Fig. 7.18. The difference is caused by the extrinsic transistor model
elements as pad capacitances, inductances, etc. (theoretical part chapter 2.3.5).
Therefore, the –20 dB/decade slope approximation is necessary to obtain the correct
results. Fig. 7.19 illustrates the relation between the transit frequency and the DC
transconductance, which corespondents to the Eq. 2.34. The maximum transistor
frequency is obtained by the same way as the transit frequency (Fig. 7.17). The
maximum frequency characteristics for the different gate voltages are shown in Fig.
7.20.
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Fig. 7.16. Transit frequency (ft) characteristics for the varied gate voltage of the HEMT
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Fig. 7.17. Current gain (h21) and unilateral power gain (GU) characteristics of the HEMT
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Fig. 7.19. Variation of the transit frequency with the gate voltage (corresponding with the DC transfer
characteristics)
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Fig. 7.20. Variation of the maximum frequency with the gate voltage

Except of the ft, fmax characteristics, other characteristics as the stability factor
characteristics (Fig. 7.21), maximum stable gain characteristics (Fig. 7.22) and
maximum available gain can be draw. The maximum available gain (MAG) exists only
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for stability factor greater than unity. For this measured HEMT K>1 was only in a few
points (Fig. 7.21), it means that this transistor is conditionally stable.
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Fig. 7.21.Stability factor (K) characteristic of the HEMT for two values of the drain voltage
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Fig. 7.22. Maximum stable gain (MSG) characteristics of the HEMT for two values of the drain voltage
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Fig. 7.23. The HEMT values of the reflection S11 and S22 parameters transformed into the Smith chart
for Vds=1V, Vgs=-1,2V and applied frequency range from 50MHz to 36,85GHz (185points-linear

stepping)

Fig. 7.24. S21(left) and S12 (right) parameters of the HEMT in polar co-ordinates for Vds=1V, Vgs=-
1,2V and applied frequency range from 50MHz to 36,85GHz (185points-linear stepping)
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8 Optical HEMT

The measurement principle is the same as for the classical HEMT, with only one
difference that the optical power is applied. The responsivity of the OPTO-HEMT is
calculated by the same way as responsivity of the photodetectors. Fig. 8.1 shows the
measured output characteristics of the HEMT for various values of the gate voltage. In
this measurement one value of the optical power was applied (P(opt)=128 µW, λ =
1310,9 nm). Fig. 8.2 presents the responsivity characteristics of the HEMT, calculated
from the output characteristics by the OPTO-FET-RF program (appendix F).
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Fig. 8.1. Output characteristics of the MEMT without and with applied optical power for various gate
voltages
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Fig. 8.2. Responsivity characteristics of the HEMT for various gate voltages
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Conclusion

The diploma thesis is devoted to the design and realisation of the automatic
measurement systems, which are assigned to obtain direct current and optical
characteristics of the compound devices such as MSM photodetectors, high mobility
transistors (HEMT) and optical HEMT.

In the course of this thesis a few measurement programs have been developed to
characterise the properties of novel devices. The developed measurement programs
assigned to obtain the following device characteristics and parameters:
1) MSM photodetectors – I-V characteristics for defined optical powers
2) HEMTs a) I-V output characteristics with the output conductance calculation

b) I-V transfer characteristics with the transconductance calculation
c) Breakdown voltage measurement

3) OPTO-HEMTs – I-V output characteristics for a defined optical power with
transistor responsivity calculation.

One program was created for the calculation of the high frequency parameters of
HEMTs. This calculation program allows to calculate the following parameters and
characteristics :

1) ft – transit frequency of HEMTs (dependence on gate or drain voltages)
2) fmax – maximum frequency (dependence on gate or drain voltages)
3) K – Rollett’s stability factor (dependence on frequency) characteristic
4) GU – unilateral power gain (dependence on frequency) characteristic
5) h21 – forward current gain (dependence on frequency) characteristic
6) MSG – maximum stable gain (dependence on frequency) characteristic
7) MAG – maximum available gain (dependence on frequency) characteristic
The programs were created under HP VEE (Hewlett Packard’s Engineering

Environment ). They contain graphical environment and easy structure, what simplify
the operation with the single programs and so makes easier lonely measurements. The
programs output are the measurement and calculated data in the text files, which can be
used or published later.

An improvement of the measurement systems is suitable to increase a speed and
efficiency of measurements and to solve some problems which can occur during the
measurements and the evaluation of the obtained data.

I believe that this work contribute to better understanding of the novel devices
measurements and simplifies the work with developed measurement systems.
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