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Abstract. The main approaches to improve the computer pc:fo:mahce by
. enhancing the operating speed of transistors, used in modern computer tech-.
nology, are reviewed. The qualitative enhance of the transistor operating speed’
could be realized by using semiconductor materials with the higher than in silicon
electron mobility (such as GeAs, InGads) and by decreasing the size of transis-
tors until nanometric dimensions. That opens the way to design computers with
the operating speed larger than 10 billion operations per second.
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conductor devices and materials, high-speed transistors.

1. Introduction.  High-speed semiconductor transistors are
one of the basic elements of modern computer technology. They are
used in many specific combinations in all main computer compo-
nents and their parameters determine the computer performance.
Progress in microelectronic semiconductor technology is the back-
ground to develop computer technology.

This paper is a review of the present-day physical and techno-
logical approaches to improve the parameters of transistors which
determine the computer performance. The main parameters of
transistors used in computers are: the operating speed, the power
consumption for unit logic switch, the size or scale of mtegrahon
of transistors in integrated circuits (IC). ,

The transistor operating speed is characterized by the thresh-
old frequency for unity current gain fr. by the maximum frequency
of oscxllatlon (unity power gain) fmsx and by the sthchmg dela.y
time 7p.
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The power consumption Pp for switching from one logic state
- to another is connected with the scale of integration of individual
transistors. The power consumption in IC is equal to Wyc = PpN,
where N is the number of simultaneously working transistors. The
weaker Pp the greater is allowable degree of scale of integration in
IC. The joint parameter which determines the quality of a transistor
in IC is the power-delay product Pp7p, i.e., a switching energy. ..

The minimal size of a transistor could be characterized by the
length A of minimal electrode (gate or emitter). The smaller size
'rete transnstor means the shorter distance between them
m ,ICs a;ndbthe shorter dela,y time for the transmission of the logic
s:gnal from one element to another. In the contemporaneous ICs
that tlme is less than 2 ps. -
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.Flg. 1. Reduction of the dimension A¢ and sw1tch1ng energy
_ per gate Pprp in FETs.

Due to ‘the Brogréss in Shicroelectronic technology the size and
the power consumption of the transistors, used in computer ICs,
rapidly decrease every year (Fig. 1). That gives the possibility to
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‘create the complete computer on a smgle monolithic semlconductor
crystal (e.g., transducer). Transducers are the basis of the progres—

sive way in computer technology: computers "with parallel com-
putation. In this paper we shall see that adva,nces in crea.tlom of
semiconductor devices based on the high-speed ‘transistars open the
quahta,tlvely new prospects in development of compuferateclmology

and tephnology oi usual bipolar (BT) and field-effect (FET) tran-
sistors, and then we shall analyze the new, approaches in transis-
tor physics and technology hot electron and resonant tunnelmg
transistors. In conclusion the miaximum achieved operating speed

o

parameters for different typés of transistors aré sumimarized.™

2. Bipolar transistors. Schematic diagram of a bipolar tran-
sistor (BT) is presented in Fig. 2. The current and power gain of
a BT is determined by an efficiency.-of, mlnorltywmrrxamansbort
- from the emlt’ter to'the collector: The efﬁ’cxency of"liﬁé lrﬁhsport is
charactenzed by the transfer coefﬁcxent :

: C a= alc/ala Vcas T (1)
where Ic =.I,¢c + I,¢ is the collectot current afid Ig =I,.g+ L is
the emitter current (the subscripts n and p refer to electrons and
holes, respectively), Veg is the collector—base voltage. The cux;rent
gain of a BT in the circuit thh a common emxtter is equa.l to

pmaft-a). @
When the transport eﬁic1ency a1, the coefﬁcxent ' reaches high
values. The BT has the largest current gain compared with other
types of transistors.

The operating speed of a BT is determined by the transit time
rgc of minority carriers from the emitter to the collector, as well as
by the time of charge accumulation on outer and inner capacitances
Trc- The unity current gain cutoff frequency .

. fr=1/(27rr), - SR
where 7r =~ rg¢ + Tre. o - A S
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Fig. 2. ‘Sche)inatic drawing of energy band structure of a bipo-
lar transistor (a) and its cross-sectional schematic
view (b). E - emitter, B ~ base, C — collector, &
and &y — energies at the bottom of the conduction and
the tdp of the valence bands, respectively, £y — Fermi
level.

The maximum frequency of oscillation (unity power gain)

. l[ ot ]1/2 "
max = 9 27(RpCc efs ’

is determined by the transfer coefficient a, the transit time »r (3),
and-the charging time of capacitances Cc, connected with the col-
lector junction, which is charged through the resistance of the base
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layer along the collector junction. The values fr and fmax depexid
considerably on BT geometric dimensions. A BT is a vertical device
as the charge carriers flow from ‘the emitter towards the collector,
crossing the horizontal n and p layers of the semiconductor struc- -
ture (Fig. 2b). The reduce of the thickness of the base and the
collector layers leads to ‘the-decrease ‘of the carrier transit tinte rgg -
from the emitter to the collector and to the enhancement of fr.

Modern technological methods ‘allow ‘to obtain vertical struc-*
tures with thickness down to a single-ator: layer. Technological
progress is obvious there. Diffusion doping and ion implantation -
technology had been worked out in the sixties. That changed the
alloyed one by 1970 allowing to -develop BTs with the base depth'
of about 10~% cm, which assured the high speed of a transistor at
the level of 1 GHz. In 1970 liquid-phase epitaxy was created and
developed, with the help of which the layers with the interface
.sharpness less than 10~° cm were obtained. At last, in the elghues‘
with the help of two powerful but rather complex methods, i.e.,
MBE (molecula.r-beam epitaxy) and MCVD (metal-organic chemi-
cal vapour deposition), the layers with interface sharpness less than
10-7 cm were obtained. At present both these technologies and
methods to diagnose a semiconductor layer coinposition as well: as
“doping of such thin layers have been developed.

On the other hand the reduction of the base thickness leads
to the increase of horizontal base resistance and the charge time of
the collector capacitance RpCc. Therefore, the change of vertical
thickness of layers calls for finding an optimum variant (seé, PoZela,
1989). .

How to reduce the thickness of the base and sxmultaneonsly
to reduce the base resistivity is the main contradictory problem of
the enhancement of BT operating speed. There are two approaches
used to solve the problem. The first one is to minimize the tran-
sistor horizontal size. Because of the reduction of the horizontal
base length there decrease the base resistance as well as the collec-
tor and other inner transistor capacitances. The reduction of the
emitter size is limited too as the power of a BT is lowered and outer
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re3§€£&?é’es la,x fr;crea.Sed The size of'the emitter and the collector-
in t 'e hontemporary BT are ‘around 1-3 uym. More radical is the
second agproach - to enhance conductxvxty of the base layer by
hlgh xglpunty dopmg Ini the homo‘)unctxon silicon BT the doping
of fhe ba.se can not be large’ because of the decrease of the transfer
coefﬁc ent a due to the increase of the ratio of the hole current I,

to the electron current I,. through the ermtter This ratio is equal

O L New .

QTP R NNDEf ] : ‘.(5) .
whete Ay and: ND ‘are the concentratlons of 1omzed acceptors in
the base and donors‘in the emitter, respectively, V, is the diffusion
hole i‘?clopityqnnd“y,‘ is.the corresponding velocity of the electrons.
injected .through-the barrier into the base. The ratio decrease re-
quireés:low dopirg of the base N4 by comparison with the emitter,
and, the difference in doping must be great. This requirement is in
conﬁlet with the necessity for low base resistance, i.e., its high dop-
ingi“Phat:is the main. limitation of enhancement of the operating’
speed ofthe. *hqmo,aunctlon Si transistors (Pozela, 1989).,

+ To bvercome ‘these contradictions the heterojunction between
the mde-bandgap emitter; and the narrow-bandgap’ base can be
used (Fig. 3). Ini this case the ratio of hole current to electron one
is red,ucegl by exp{—Aé‘/kBT} times, where A€ is the supplemental
SREEZY; bargler to holes, kp i is the Boltzmann constant T is the ab-
splute. tex;;perature (’Kroemer, 1982) AE ranges up to several tenth
elgc};onvo.lt and therefore, the decrease of this ratio due to the p—-n
hetero_]unctlon reaches several orders. That allows to decrease Rp
b}’;a@, !hlgh doping of the base region. Besides, the electrons mJected
mto the Base from the'heteroemitter have high initial velocity given
by a heterobarner In heterojunction transistors there is a possibil-
1t‘§ {to fo m a smooth graded bandgap structure allowing to ¢reate
the buxIt-ln field for miriority charge carriers. -Finally, the hetero-
Junotxon can be ‘used to create two-dimensional hxgh-conductance
g@a fiel in the base at the colléctor. = - ¢ -

o “Thu*si‘,” onek"“can ‘solve the problem to iné¢rease the operatmg
speea of BTs bY using ‘hetetostructures as well as minimizing the
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'Fig. 8. Schematic drawing of energy ba.nd structure of the p—n
heterojunction (a) and cross-sectional view of a he-
terostructure bipolar transistor (b). AlGeAs — wide-
bandgap semiconductor, GaAs — narrow-bandgap one.

sxzes of the emitter and other transistor components.

In homojunction Si BTs with the submicron emitter a “high
performance has been attained: 7p ranges up to ~ 30 — 100 ps, and
fr up to 20 GHz. That appears to be the maximum possible opera-
tmg speed of Si BTs, because in the case of 'the emitter submicron
sizes there occur a number of parasitic effects connected with the
emitter vicinity and the ones Jecreasing transistor parameters.

There is a number of techi.ological methods helping to improve
the high-frequency parameters of Si BTs. First of all, those are the
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polysilicon contacts with emitter and base widely used in present-
day bipolar silicon technology. That improves both the switching
speed and the packing density of Si BTs in ICs as well as increases
the gain. Due to higher values of BT current gain (3 ~ 10%) the
computer logic gates based on BTs have the higher operating speed
by companson with the gates based on FETs, though at higher
power consumption per gate.

There are developed and fabricated heterojunction BTs
(HBTs) based on GaAs with AlGaAs emitter regions. The char-
acteristic parameters of the doping in the layers of HBT struc-
ture are as follows: 5-10'7cm~3 in the emitter (n — Alp.25Gay.7545);
10*° — 10%%m=2 in the base (n — GaAs); 5-10'cm=3 in the collec-
tor (n — GaAs); 5-10%cm™2 ir the subcollector (nt — GaAs). A high
doping level of the base anc. a thick collector ensures a great de-
crease in RpCc sharply increasing high-speed performance of the
HBT. A typical size of the emitter area for high-speed HBTs is of
(1-2 pm)x(2 — 10pm) and i obta,ined by conyentional lithography
techniques. The high operatlng speed in AIGaAs/GaAs HBTs is-
thrice that in Si BTs "

The record values of high-speed parameters for AlGaAs/GaAs
HBTs range up lo the following values: 7p ~ 5 — 15 ps at Pp =~
1-10 mW, fr ~ 170 GHz, fmax = 218 GHz (Chen et al., 1990). The
current gain reaches 50000, transconductance — 10* mS/mm of the
emitter length, when its width equals 1.2 um (Chang and Asbeck,
1990). The calculated switching times of HBTs reache 1-3 ps (Hu
et al., 1989).

AlGaAs/GaAs HBTs are used effectively in digital circuits.
There is produced a four bit universal up down counter for use in a
frequency syntheiser. The circuit has 380 transistors and operates
at a frequency of 2.86 GHz, which is twice the speed of the fastest
existing counter. There are fabricated divide-by-four and divide-
by-eight prescalers operating at frequencies up to 10 GHz. The
HBT gate array which can be configurated to-give up to 144 equiv-
alent logic gates and data converters with the sample rate (6 bit)
7.5 GSPS are manufactured. All these circuits are fabricated on a



J. Pozela and V. Juciené 547

‘basis of a transistor with the emitter length of 3.0 um. The HBT
with the emitter of 1 ym is supposed to have fnax = 118 GHz, Dev-

ider circuits using such a tran51stor can operate at clock frequencies
of 45 GHz.

In recent years, intense efforts have been made to develop
high-speed ICs operating at 10 Gbit/s for future optical transmis-
sion systems. These ICs have been mainly fabricated using the Si
bipolar, GaAs MESFET and AlGaAs/GaAs HBT technologies. To
achieve speeds far in excess of 10 Gbit/s, the AlGaAs/GaAs HBT is
the most promising device among them because it has both the
high transconductance of bipolar devices and the high electron
mobility of compound materials. An ultrahigh-speed exclusive-
OR/NOR(XOR)IC has been developed for future optical trans-
mission systems (Ichino, et al., 1991). The IC was fabricated
by AlGaAs/GaAs HBT technology. It operates up to, at least,
20 Gbit/s with extremely low rise/fall times of 22/14 ps. v

Lately, besides the AlGaAs/GaAs heterostructure, there has
been growing interest in the possibility of developing HBT, based
also on the heterostructures with InGaAs base and InP, GaAs or
AlGaAs emitters. The search for other structures is mainly con-
nected with the requirements to integrate HBTs with optoelectron
devices operating at different wavelengths (Pozela, 1989).

In recent years BTs with polysilicon emitter arnd SiGe base are-
developed. The value of fr = 75 GHz for these tramsistors is much
larger than for Si BTs (Patton et al, 1990). The SiGe BTs are
compatible with usual Si integrated circuits.

3. Field-eﬁ'ect transistors. The field-effect transistor (FET)
is a horizontal unipolar device (Fig. 4). The current between source
and drain is regulated by the voltage on the third electrode — gate.

* Qualitatively the operating speed of FETs is determined by
charge time of the largest capacitance in the transistor (gate capac-
itance C¢) through the smallest res’stivities, which are determined

. by the transconductance (g9, = 8Ip/3Vgs) and the differential con-
ductivity of channel (g.s = 8Ip/8Vp). These transistor parameters
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Flg. 4. Cross’ sectlonal view of a field-effect transistor. 1 —
"channel, 2= depleted layer, $ — source, G — gate, D -
dram '

determme the cutoﬁ‘ frequency
Cfr= Im/27Cc )

and the intrinsic maximum frequency of oscillations ‘
So= T (82)7 @)
. . » Gen

The transconductance of a FET has a maximum value in the re-
gxon “of drain curfent saturation (Shur, 1987; Pozela, 1989). The
current satura,tldn takes place, when the voltages applied to the
gate and the drain are larger than the threshold voltage, at which
the channel depletion depth at the drain side is compared with
the channel depth a.;. In these conditions the maximum transcon-
ductance is equal to the differential conductivity of the fully open
channel ge4(va — 0) : » :

- Imax = 29%10, ¥

where w.is the gate width, A¢g is its length, u is the mobility of
carriers, and n, is the surface charge carrier density in the channel.

At homogeneous doping n, = Na.s, where N is the number of ion-
ized donors or acceptors in the channel. Equa,tlon (8) reveals the
ways of a.chlevmg high-speed opera.tlon of FETs, i.e., the increas-

ing carrier density n, as well as their mobility y in the channel and
the decreasing gate length Ag. Following from what has been said
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‘we shall consider how the transistor operating speed is increased,
firstly, due to its scaling, and later on, due to the choice of matenals
with high moblhty and drift velocity of charge carriers.

One can well understand that the decrease of transistor dimen-
sions leads to theelectric field increase, what in turn leads to the
saturation of the carrier drift velocity (va = v,41). At the velocity
saturation we have .

fr= Ysat = 1

27Ag "7er

@

where 7, = AG /vm is the physical trans1t txme of charge carriers
through the gate.

The decrease in the gate length gives the i increase in Ir.

Dimensions of horizontal structures are determined by hthog—.
raphy potentialities. When lithography is carried out by visible
light having a wavelength 0.4-0.8 pm, then diffractional spread of
the lighted region border restricts a possibility of obta.mmg a fig-’
ure with lines thinner than 2-3 um. Widely used ultraviolet pho-
tolithography (wave length is less than 0.3 um) allows to obtain
lines of 1-2 um in length. X-ray and especially electronic lithog-
raphy due to small wave length (). = K(m&.)/? ~ 0,01 nm, when
. ~ 10° eV) allows to reduce the diffractional spread down to a few
hundredths of a micron. '

The usual chemical etching techniques fail when an exposed
figure with element dimensions less than a micron is to be etched.
However, ”dry” plasmochemical and ion etching techniques, which
differ in their selectivity and anisotropy, yield the etching of regions
down to 0,1 pm with an accuracy up to 0,05 pm. ‘

It-is unlikely that in the immediate future the horizontal di-
mensions of transistor circuit elements will be less than 10~! —
102 pm, therefore, electron lithography and plasma ion etching
possibilities do not essentially restrict these dimensions. Moreover,
it is worth noting that electron beam lithogfaphy is still an ex-
pensive method, and the main thing is that it is of a very low -
productivity what is not allowable for mass production. Therefore,
at present the search for high-productivity methods to obtain sub-
micron circuit elements is continued. It should be pointed out that
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ion "B"e‘ziﬁl?lithography is one of the newest and evidently promising
method in microelectronics technology. It combinés the capabili-
" ties for exposing a resist to a resolution of better than 0,1 pm, its
etchmg and, finally, using the ion beam to dope microregions of the
samé size (Moreau, 1988; Valiev, 1990).

In recent years along with the above discussed lithography
techmques to form horizontal submicron structures the self-align-
ment techniques are used. To form submicron structures the ani-
sotropy effect of etchmg rate with respect to crystallographlc di-
rections is also picked up.

- Based on the methods of self-alignment, selective and anisotro-
pic etching silicon MOSFETs with the gate length less than 0.3 um
are produced. . ‘ o

Modern technology does not limit the minimum dimensions of
transistor. The limitation of miniaturization is arised due to physi-
cal effects. Main of them ar< short-channel effects, the suppression
of which is the main problem in high-speed FET design.

There are two short-channel effects. The first one, i.e., the par-
asitic short- cha,nrml effect is an abrupt increase of a leakage current
lateral to the ch,'annel The leakage is caused by the overlap of
the depletion Ia:,lrers of the drain and source contacts. The leak-
age current is proportional to exp(—Ag/Lp), where Lp is the Debye
screening length, and it abruptly increases, when Ag ~ Lp. To elim-
inate the leakage the various potential barriers, e.g., p — n junction
between the channel and the substrate and between the drain and
the source, are built in. In general, high potential barriers devel-
opment on both sides of the channel is also useful to suppress hot
electron emission to deep traps on the substrate and in insulated
gate layer. The effect of hot-electron emission is responsible for the
degradation of FETs (Quisse et al., 1990).

The second effect is the deformation of the potential distri-
bution under the gate, when the channel length A¢ appears to be
comparable and smaller than the channel depth a.,. This effect
designated as the edge effect leads to the threshold voltage value
Vin sensitivity for small changes of transistor doping geometric pa-
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rameters and to the inadmissible for IC scattering of values Vzn on
the semiconductor chip. Since the threshold channel cutoff voltage
shift is proportional to ratio a.;/Ag, then to avoid this effect at the
transistor scaling this ratio is held constant. Another way of sup-
pressing this effect is a., minimization down to the formation of the
channel with two-dimensional electron gas at the heterojunction.

- The increase of the carrier density n, in channel gives the in- .
crease of gm and transistor operating speed (8). The doping level
and channel thickness display a natural limit — the breakdown of
the channel. Practically the maximum value n, is given by the
barrier height @.4. In the GaAs channel n, achieves 0.9-10'2cm=2.

In silicon MOSFETSs with submicron gates the high operating
speed with time delay under 30 ps at Pprp < 40 £J is achieved (see,
e.g., PoZela and Juciené, 1985). However, the region Pprp > 100 £J
should be considered as the open-up region for silicon FETs. On
the basis of silicon CMOSFET the static RAMs with the number
of devices per chip up to 10, with address access time up to 10
ns and a power dissipation of 5-10~2 W per chip are developed.
Practically all the modern computers use silicon ICs with micron
and submicron gates.

A further increase in operating speed of computers requires
devices with higher real-time digital signal processors. This can
be realized instead of Si using materials with higher mobility and
maximum drift velocity of charge carriers. Such materials are Ga4s,
InP, InGaAs. ' ‘

The GaAs MESFET with active layers formed by ion implan-
tation. is a promising approach for realizing ultrahigh-speed LSI
(large scale integrated) circuits. The multifunction self-aligned gate
(MSAG) process technology (Bahl et al., 1990) and self-aligned
implantation for n*-layer suppressing As outdiffusion technology
(SAINT) (Enoki et al., 1989) have proved to‘'be capable of man-
ufacturing high-performance, highly reliable and reproductive de-
vices. . -

High-speed MESFETSs obtained by SAINT process allowed to
realize 5.9 ps/gate operation ring oscillators, 26.8 GHz operation
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frequency dividers, » : ;

zLimitsto the ultlmate frequency performance which can be
realized with Gads MESFETs have been projected (Golio J.M. and
Golio'JiR.J., 1991). These predictions were based on the reported
from' 1966 to 1988 data performance of 137 devices with micron
and submicron gates. The least-squares fit lines to the reported
data may be given for the MESFET performance approximately
by the equatlons

N

fm,,,x = 40/AG (GHz),
fT N 10/«\(; (GHZ),
g~ 60/A¢  (mS/mm),

where Ag is.in pm and Mz = 0.1 — 10 um. The gate-source capac-

itance has -remained- at : pproximately 1 pF/mm. The data pro-

jected at Ag = 0.1.pm: fmay = 300 — 1000. GHz, fr = 80 — 200 GHz

and g = 300—~1000 mS/mm. The noise temperature at 12 GHz for
. the submxcron devu:es is gwen approx1mate1y by the equation

VLo .
D P

T, ~ 50) (K)

Mobility a,nql maximum drift velocity are even more greater
for Ings3Gag 47A4¢ in comparison to GaAs. The saturation velocity’
evaluated from the drain current of InGaAs FETs has the value
vsat = 2. 95- 107 cm/s, what is by the factor of 2 higher than that
in GaAs! ngh value of maximum drift velocity is achieved due
to enlargement of the energy separation between the I' - and L
- valleys with the inscreasing in percentage in the InGaAs alloy.
InGaAs FETs with a gate length of 0.25 um exhibit fr = 126 GHz
and ‘fiia= 232 GHz (Feng et al., 1991).

‘; *-Thie mobility and drift velocity of charge carriers in the FET
channel depend on purity of the semiconductor.

* i The reduction of impurity scattering center,number in the crys-
tal yields a'distinct increase in mobility. Therefore, the maximum
purity of the material is determined by the maximum mobility.
However, to increase the transistor conductance the high level of
doping in:the active area by impurities is a must. This discrepancy
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‘between necessity of doping and attainment of high mobility can be
removed in heterostructural transistors by selective (or modulated)
as well as § doping. If in a heterostructure, e.g., AlGaAs/GaAs, we
dope by donors only the wide-bandgap AlGaAs layers, then with
rather small layer thickness most of the electrons transit from them
into the undoped layers of a more narrow-bandgap Gads (Fig. 5).
The electrons resulting from the impurity centers appear to be sep-
arated from them in a space and as a consequence of a screening
effect of the ones the electron mobility in pure GaAs layers is rather

high. . . -

N\ Impurities

Y . ——2y,

Fig. 5. Structure of the conduction band for an AlGaAs/GaAs
_ heterojunction in a MODFET near the gate Ero —
Fermi level at equilibrium. :

A narrow channel with high charge carrier mobility is formed
by the presence of selective (or modulated) doping of a heterojunc-
tion. Since the channel thickness in such a junction is less than the
electron de Broglie wavelength, then the electron gas in the channel
appears to be two-dimensional with discrete levels of energy. The
channel thickness is of tens of nanc .neters, what is much less than
its submicron length.

The FET with modulation doped heterostructure (MODFET)
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is also called HEMT (high electron mobility transistor), TEGFET
(two-dimensional electron gas transistor), SDHT (selectively doped
heterojunction transistor). We shall use the MODFET name.

The unity current gain frequency fr in AlGaAs/GaAs MOD-
FETs with the gates A¢ = 0.2 — 0.4 um reaches 70-80 GHz, and in
the heterojunction FETs with planar-doped gate fr = 80-120 GHz,
fmax = 200 — 230 GHz, when A = 0.2 - 0.1 pm (Morkoc, 1991).

~ Conduction band potential step in the Aly 3Gao.7 As/Gads het-
erojunction is of 0.24 V. That restricts GaAs electron sheet density
to (0.8—0.9)- 102 cm~2. The efficient drift velocity in the GaAs chan-
nel is of 1.2:107 cm/s. The addition of In into Gads leads tc an in-
crease of conduction band potential step. Therefore, electron sheet
density reaches (1.6 — 1 7)-10'2cm~2 in the Inp15GagssAs channel
and (2.4 — 2.5)-10'2cm™* in the Ing 25Gag.75As channel. In the lat-
ter case the conduction band potential step at the heterojunction
reaches 0.44 V.

The record values fuqex for the GaAs/InGaAs FET with 0.15 x
150 um gate reaches 152 GHz. The device has yielded 1.6 db noise
figure at 60 GHz. A similar transistor with Ag = 0.08 um has frmax
equal to 270 GHz.; '

The MODFET ‘with Alg 43Ings0As barrier and Gag g7Irp 53As”
channel lattice-matched to InP substrate has the highest frequency
performance. The conduction band potential step is 0.52 V allow-
ing electron sheet density up to 3-10*2cm~2. The mobility in such a
channel is found to be high, and the effective drift velocity reaches
2.4-10" cm/s. The device has 0.8 db noise figure at 60 GHz for
Ag =0.15 pm and g, = 880 mS/mm, fr = 250 GHz, fmax = 450 GHz
at room temperature (Ho et al.,.1991). A low noise level (1.4 db
at 93 GHz) has been obtained in an analogous MODFET (Chao et
al., 1990). The latter one has the great value fyax = 405 GHz. At
present these transistors in spite of the existing, problems concern-
ing the leakage and parasitic charge in GaInAs channel have the
highest frequency response and the lowest noise figures.

The latest advances in the fabricating technology of the above
listed high-speed transistors allow to develop high-speed LSIC
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Fig. 6. Delay time ‘fp versus power dissipation per gate Pp for
various types of transistors.

‘based on them. The low values of Pprp make them promising
for VLSI (very large scale integrated) circuits because of their high.
operating speed and low power dissipation. At present static RAMs
based on GaAs MODFETs with the number of devices above one
- hundred thousand are produced. Although the switching time of a
discrete. heterostructure FET is under 10 ps, the average propaga-
tion delay time per gate in IC as a result of operation performance
delay in the logic gate and on the connecting metal tracks occurs
to be greater by the order of magnitude. A complete signal delay
in MODFET and MESFET ICs is of 50 - 200 ps/gate when the
- power being used is below 5 — 200 mW /gate. The processors with
high operating speed above 5 (Hz; with clock rate of more than
1 GHz, memory devices up to 64 K with select access time below
1 ns as well as analog-digital converters (8 bit) with more than
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Fig. 7. Addfess access time versus power dissipation of the
sta,tfc RAM compared with Si MOS, bipolar, GaAs
ME§FET and GeAs MODFET static RAMs. '

10° selections/s hre developed (Bursky, 1988). The maximum high
speed regions obtained experimenté,llyf for discrete transistors are
shown in Fig. 6 (Pozela, 1989). Fig. 7 compares the address access
time and power dissipation of the static RAM (1-16 K) to Si MOS,
bipolar, Gads MESFET and GaAs/AlGaAs MODFET static RAMs
(Abe et al., 1985).

4. Hot electron transistors. Several novel semiconductor
device structures different from FETs and BTs have been proposed
in order to increase the operating speed of the device. In many of
them hot electron injection over a barrier or by tunneling through
it is used. These devices have not yet received as wide application
as computer components. However, they open new avenues for a
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.qualitative increase of computer operating speed. Practically-in
this Section we shall discuss physical principles of the operation of
new devices experimentally realized in research laborateries.” We
consider two groups of such devices: (1) ballistic and hot electron
transistors; (2) static induction and permeable base transistors. -
Ballistic electron transistor (BET). just as an ordinary bipolar
transistor, has emxtter base and collector, but in contrast to a
BT, a BET is a monopolar transistor. The electrons in a BET
balllstlcally pass through a hlgh doped ba,se over the ‘deep potentlal
well. , R T D
In ballistic transistors the _energy ¢ of an electron in the emifter .
is higher than that in the base As a consequence the starting -
velocity of an injected electron in the base is very high. The velocﬂ:‘y v
is determined by the barrier helght <,oEB : '

- Vigsaim. BRT)

In the case of AIGaAs/GaAs heterojunction, emitter ¢gp = 0.3V
and the injected electron velocity will be 9.2-107 cm/s. In homo-
geneous GaAds crysta,l the maximum a,chleved drift velocity i isonly
2-107 cm/s. ‘

After the injection the hot electron balhstlcally flies through‘
the base. As a result of the scattering the mean free path of
the ballistic electron injected with high drift velocity is short: (1-
3) 10~° cm. The above mentioned means that thickness of the base
of ballistic. transistor have to be around 10~° cm. The base is high
doped (~ 10®¥cm™3), its resistivity is lower than 500 Q on square
and the time to charge the collector capacity (RCc) is less than
1 ps. That opens the possxblhes to desxgn the balhstlc transxstors
with 7p < 1 ps. - '

"The ballistic electron transistors are developed with GaAs,
InAs, InGaAs and Si base. The parameters of the realized BETs

with planar-doped barriers and with hot electron tunneling through =~

the barrier are as follows: p ~ ! ps and fmax ~ 15 GHz.'
The main disadvantage of the ballistic hot electron transistors
is a sophisticated MBE technology of their fabrication.
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. In the real space electron transfer transistors due to nonho-
mogeneous heating of electron gas by electric field the real space
‘electron transfer takes place. These effects are named the elec-
trogradient ones (Dienys and Pozela, 1971). The electrogradient
effects can be used to create two types of high-speed transistors:
(1) the transistors with negative resistivity in channel (NERFET)
and (2) the transistors with. charge injection of hot carriers through
the barrier (CHINT).

. The NERFET ‘is the conventional GaAs FET structure but
there are made additional AlGaAs and GaAs layers under the chan-
nel. The NERFET includes two devices in one: a FET with nega-
tive resistivity (due to hot-electron emission over AlGaAs barriers
into the lower layer of GaAs) in the channel and some analog of a-
vacuum triode with the channel as a heated cathode and anode on
the other side of AlGaAs barrier. The same structure may be used
as injector of hot electrons in the layer of GaAs under the barrier.
This structure is named as CHINT. The CHINT is some analog of
a hot-electron ballistic transistor. In this device the upper GaAs
layet 'and AlGaAs barrier are represented as the emitter and the
ohmic contact 'atg'the lower GaAs lé,yer is a collector.

The potenti&l application of the real-space transfer devices are
logic and memory elements of computers (Pozela, 1989; Luryi and
Pinto, 1991). :

Static induction and permeable base transistors (SIT, PBT)
in construction are analogues to vacuum tube triode, in which a
vacuum space is changed by a semiconductor. These transistors are
also_called analog transistors or vertical field-effect transistors. In
SITs,.as opposed to FETs, the space charge carrier depletion region
extends in the whole space between the electrodes, and the electron
flow from the cathode.(source) to the anode {drain) is regulated by
the potential barrier height, in the grid windows (gate). The vertical
SIT construction assures a small submicron value of a transit length
from a source to a drain and a small gate-source resistance. The
SIT structure has a number of advantages for high-speed operation
over FETs and BTs. The evaluation of the upper limit of the
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current-gain cutoff frequency fr for an "ideal” SIT vields the value
of 780 GHz. High-speed SITs for analog and switching applications
are developed. SITs are used as high-speed phototransxstors

In permeable base transistors (PBT) the gate as a metallic gnd
or thin film with-holes is'imbeded into a semiconductor. In the lat-
ter case the PBT represents a sémiconductor-met'a.l-‘semicd'xidixctqf
structure. In contrast to SITs, the semiconductor layers in PBTs
are doped (N = 10'® ~ 10}"cm™3) and the current is controlled by
thickness of the depletlon layer of the Schottky barrier in the grid
windows.

The fabrication of stacked grid PBTs can integrate logic gate.
functions within a single three-dimensional device. Tungsten, tan-
tall and molibden are used as a metallic grid in GaAs PBTs. In i
PBTSs the metal of a grid can be changed by silicid (CoSi,) yielding'
the good Schottky barrier and having the lattice constant distin-
guishing itself only by 1.2% from $i. CoSi, grid is produced by
local implantation of %°Co into Si (Schuppen et all., 1990). In all
the cases the technology of fabricating of PBT is rather compli-
cated and retards the wide application of PBTs in ICs, although
the advantages of PBTs over FETs and BTs are clearly seen.

PBTs belong to the fastest known three-terminal semiconduc-
tor devices. The calculated values for Si PBTS fr = 35 GHZ
and fmax & 100 GHz turn out to be higher than for silicon BTs
and FETs. The GaAs PBT made by using a tungsten grid with a
0.32 pm periodicity has achieved fnax values above 200 GHz (Badoz
et al., 1990). Simulation of PBTs with a grid characteristics sug-
gests a possibility of obtaining short ‘delay times 7p = 1,7-6 ps
under the ultra low product Pprp & ~0.1-04 £J.

5. Resonant-tunneling ‘transistors.: Present-day technol-
ogy has made possible the fabrication of semiconductor structures”
with the sizes comparable to the de Broglie wavelength for an elec:
tron in semiconductor. When the active regions of the devices-de-
crease down to the value smaller than, roughly speaking, the size
of a free electron in crystal, one should give up a conception of an
electron as a classic particle and pay attention to wave nature of
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electrons. New quantum-mechamcal properties of electron gas in

semlconductors manifest themselves in the decrease of electron free-
"dom degree or electron gas dimension from the three-dimensional

(3D) state down to the two-dimensional (2D), the one-dimensional
(ID) or even the zero-dimensional (0D) state. Pecularities of op-
tlcal and electron propertxes of electron gas with a low dimension
assx,gn multrfunctmna.l possibilities to a semiconductor device to use
‘them as loglc circuits (Capasso. et al., 1989).

; At present a let of physical properties of electron gas with
a low dlmensxon in semiconductors have been revealed (see, e.g.,
Workbook EP2DS-9, 1991). They basically manifest themselves at
low temperatures. However, a number of devices, diodes and tran-
sxstors operatmg ,at 300 K, .in which these ptoperties are used to
a.chxeve a, hggh speed operation of dev1ces and give them multiple
va]ued poss1b111t1es, are already developed A doublé barrier quan-
tum well structure (DBQW) is the basic element in these devices.
The bBQW structure is realized as a heterostructure, in which
between two layers of wide-bandgap semiconductor (e.g., GaAlAs)
formrng hlgh potentla.l barriers there is located the semiconductor
layer with sma.ller bandgap (e.g., GaAs) forming a potential well
of a structure ;Slectron tunneling through the DBQW structure
takes place wherf the electron energy outside the structure coincides
wrth the one of the dlscrete levels in the well and breaks down in
the a.bsence of such a co,mc1dence Therefore, current-voltage char-
a.cterlstlcs of the DBQW diode are of the N-type character, as is
in the case, of conventlonal tunnehn,g .diodes. However, tunneling
through the resona,nt energy levels in the DBQW structure is more
efficient than through an ordinary barrier. The tunneling inertia is ‘
determined by the value of electron- delay time at the excited level
of a quantum well: A : o

SR T T fp = 25/1‘ , (11).
where l," 8 TR, 8,. is the d:ransmxssxon resonance energy and TR is
the transmxasxon of the-individual barriers. -

TheT value depends exponentially on the thickness and helght
of the nba.r;nersv and of the well. In GaAs/AlAs structures with the
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‘well and barriers thickness of 10-100 nm, the I value is of the or&er
of 10-100 meV, what yields rp = 10 — 100 fs.

Low inertia of the tunneling through the DBQW structures
makes it possible to build them into transistor structures what
gives them new functional possibilities preserving the high oper-
ating speed. ‘At present the diodes based on the DBQW struc-
ture belong to the fastest known semiconductor devices. Solner
et al. (1984) experimentally observed the signal detection up to
2.5 THz and the oscillation frequencies in excess of 400 GHz by the
AlGaAs/GaAs[AlGaAs DBQW diode.

Various transistor modifications with the bullt-m DBQW
structures or superlattices based on AlInAs/InGaAs were developed
(Pozela, 1989). Bipolar transistors with the DBQW structure built
in the base as well as in the emitter and operating at 300 K were
firstly demonstrated in 1986.

- The DBQW structure is also used in FETs as a gate, a drain
and a source and even as a channel. The main peculiarity of
resonant-tunneling BT and FET is integration of element with neg-
ative resistance with a conventional transistor. All that makes a
resonant-tunneling transistor to become a multi-functional device
on the basis of which the logic gates with a smaller number of
transistors are developed. The NOR logic gate using only a single
resonant transistor, instead of 7 conventional FETs, is built. A
lot of functional potentialities make it possible to build a number
of sequentially situated DBQW structures in the transistor. The
devices with repetitive breaks-down on the current-voltage charac-
teristic can be used as cells with several steady states as frequency
multipliers. An 11-bit parity generator on five successively switched
AlInAs/GaInAs DBQW structures is proposed. This diode replaces
ten EXCLUSIVE-OR gates.

Recently the structures, in which electrt;n gas dimension is -
even lower, are under close investigation. The structures with one-
dimensional electron gas — quantum wires — have been realized.
Such structures are realized in nanometric mesoscopic ones as well
as by placing metallic and semiconducting lines on the structure



562 - High-speed semiconductor devices

with 2D electron gas.

What is more, that there are realized zero-dimensional struc-
tures with quantum dots by placing dot elements on the semicon-
ductor layer with 2D gas. An abrupt suppression of electron scat-
tering processes is assumed to occur in homogeneous mesascopic
structures, what should lead to a mobility increase in uniform quan-
tum wires. Quantum wires are waveguides for electron waves. A
quantum electron wave interference effect has been observed. This
effect can be used as the basis of a new class of semiconductor ,
devices — quantum devices with low-dimensional electron gas. In-
vestigation of interaction between the 2D and 1D layers is rather
promising. A further decrease in IC packing density and device size
miniaturization will apparently lead in future to the change of IC
architecture itself, in which the coupling between the circuits will
be of a quantum coupled character and the elements themselves
wxll be multifunctional quantum devices with a low dimension.

6. Conclusmns. Table 1 shows the achieved maximum values -
of operatmg speed for different types of discrete transistors. A
maximum value/of the threshold frequency for FETs is 450 GHz
and for BTs is 2’!8 GHz. The transistors with fmax > 200 GHz could
be used as a sthch device with delay switching time less than 1 ps.
The above mentxoned means that the transistors developed during
the last two years may be used to design of the computer ICs with
operating speed larger than many milliard operations per second.

These the newest high-speed transistors are made not from
silicon and, therefore, they are not compatible with the contem-
poraneous silicon computer base. But transistors based on Ga4s,
Galnds, InP have many advantages in comparison with the silicon
transxstors, especially, in ten times faster operating speed. There-
fore, these transistors will replace silicon ones in the new computer
generation. One important advantage of new high-speed transistors
based dn'glirect-ba.xid semiconductors is their compatibility with op-
toelectronic devices (lasers, photosensors, fibre lines). That opens
the way to design optoelectronic computers where the information
carril@ai“‘xis light, and the communication between the computer com-
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ponents is based on optical fibres.

Table 1. Maximum expenmental va.lues of operatmg speed pa-
rameters for various types of transistors =~

Transistor types - | fr (GHz) | fmax (GH‘z)k (

GaAs MESFETs (A =0.1 - 0 3 um) 126 115 -120
AlGaAs[GaAs Mé)DI';)EiT_so 5 um) 80 - 120 200 - 230
M/InGaAs/GaAs,InP MODFETs
(A=0.25 pm)
AlGaAs[InGaAs/GaAs MODFETs
(A=0.1-0.3 pm)
AlInAs/InGaAs/InP MODFETs
(A=0.1-0.3 um)
AIGaAs/GaAs HBTs
(A= (1-2) x 10 ym)

126 | 232

150250 | 270 - 400

170 - 250 | 405 -450

170 218

Resonant timneling DBQW structures with low-dimensional
electron gas are already used as modulators and converters for op-
tical signals. :

Among the quantum semiconductor devices the negative-con-
ductivity DBQW diodes have the highest operating speed. The
incorporation of DBQW diodes into transistor structures makes
it possible to raise their operating speed and gives them addi-
tional functional capabilities because of the negative regxons in their
current-voltage characteristics. .

Possibly, this class of devices opens up a whole new era in
ultrahigh - speed electronics (with operating speed para.meters f=
1000 GHz, rp < 0.01 ps).
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