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Abstract—Solid-state devices have had a major impact on the fabricating a solid-state equivalent of the vacuum triode. This
development of microwave and millimeter-wave systems. Starting work dates back to patents by Lilienfeld in 1930 [4] and 1933
with development work dating back to the 1940s, a variety of 51 o the concept of a solid-state field-effect transistor, and to
two- and three-terminal device structures have been proposed, th | k of Stuet 61 171in 1950 and Shocklev in 1952
fabricated, and found their way into commercial and military eearYWor 9 uetzer [6], [7] in ° an O(.: eyin
applications. These devices have resulted in the realization of [8]; the first serious attempts to fabricate the device. The early
numerous systems that would not otherwise be possible. The work was hindered by poor semiconductor material quality and
device development effort has been closely linked to advances intechnology limitations that prevented the realization of short
semiconductor materials growth and processing technology. Many gatelengths required for good dc and RF performance. The

of the advanced device concepts can only be implemented with the ’ L
advent of advanced materials growth technology, such as molec- performance of the Ge devices was limited by low bandgap that

ular-beam epitaxy, and fine-line lithography techniques, such as resulted in high leakage currents and poor thermal performance.
electron-beam lithography. Advanced materials technology has There was a search for semiconductors with improved proper-
also provided the ability _tO fabricatt_e heterostructures th_at_permit ties and Si soon rep|aced Ge as the semiconductor material of
the advantages of multiple material layers to be optimized for - hnice. The development of 1ll-V compound semiconductors
device appll(_:atlons. ngh-performance diodes a_m_d transistors such as GaAs, InP, and related ternary compounds permitted
are now available for use from UHF into the millimeter-wave . ) . . A
spectrum, approaching terahertz frequencies. The development, Mmicrowave and millimeter-wave devices with excellent noise
operating principles, and state-of-the-art of various diode and and power performance to be developed. Progress was rapid
transistor structures are reviewed. due to advances in both fabrication technology and materials
Index Terms—Active device, diode, electron beam, heterostruc- SCience and, by the early 1970s, high-performance GaAs MES-
ture, lithography, MBE, microwave, molecular-beam epitaxy, FETs with good RF performance af-band were developed
semiconductor, solid-state device, transistor. and became commercially available. Today, RF performance
of field-effect transistors extends well into the millimeter-wave
region, and frequency response greater than 300 GHz has
been reported for InP-based compound semiconductor high
A LTHQUGH the concept of a semiconductor device Wagiectron-mobility transistor (HEMT) devices.
considered by Braun as early as 1874 [1], successfulactive diodes have also had a significant impact upon the
demonstration occurred with the invention of the bipolgjevelopment of microwave systems, and the first practical
transistor by Bardeen, Brattain, and Shockley in 1948 [2], [3ojid-state sources were constructed using IMPATT and Gunn
Although the transistor had high-frequency potential, the firgkyices. The IMPATT diode dates back to the early work
transistors with RF gain and noise-figure performance suf Shockley [9], who proposed the development of negative
cient for practical application at microwave frequencies Wergsistance from transit-time effects, and Read [10] who pro-
not produced until 17 years later. In 1965, the first practicglhsed a complex multilayered diode structure that utilized a
transistor was fabricated using Ge and had a noise figure @jmpination of avalanche and transit-time effects to generate
6 dB in L-band. Since then, device performance has rap|déyphase shift greater than Obetween the RF voltage and
improved and a variety of solid-state diodes and transistors @{grent. The diode, when placed in a resonant cavity, was
now extensively used in all modern systems. Early attempigpable of oscillation. The complex diode structure proposed
to make use of semiconductor materials for active deV|c§§ Read was difficult to realize and, although these devices
were focused upon attempts to translate vacuum tube concepjs|d produce microwave oscillations [11], it was shown
into a semiconductor environment. Both two-terminal diodgyout the same time that microwave oscillations could also
and three-terminal transistor structures are possible and WgEe gptained from a simple p-n junction diode device [12],
developed. Early three-terminal work was directed towaighich was much easier to fabricate. The technology rapidly
advanced and, in the 1970s, the development of techniques for
Manuscript received November 5, 2001. semiconductor crystal growth such as molecular-beam epitaxy
G. |. Haddad is with the Electrical Engineering and Computer Science DEMBE) permitted both optimized p-n junction and read-type
partment, University of Michigan at Ann Arbor, Ann Arbor, MI 48109 USA. |MPATT diode structures to be realized. These devices were
R. J. Trew is with the Electrical and Computer Engineering Department, Vir- ..
ginia Polytechnic Institute and State University, Blacksburg, VA 24061 USA c@pable of excellent RF power and efficiency performance well
Publisher Item Identifier S 0018-9480(02)01981-6. into the millimeter-wave spectrum [13]. About the same time,
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Fig. 1. Average RF output power versus frequency for various electronic devices (courtesy of Naval Research Laboratory; V. L. GranatsteineR.addOark
C. M. Armstrong, “Scanning the technology: Vacuum electronics at the dawn of the twenty-first ceRag, |lEEE (Special Issugpp. 702-716, vol. 87, May
1999).

another type of two-terminal active device was developed theration at frequencies abové-band and up to 100 GHz with
also proved to be very useful in microwave systems. FollowirigF output power in the hundreds of watts or kilowatt range will
the observation of negative resistance effects in GaAs crystedguire new semiconductor materials and/or device concepts.
by Gunn in 1963 [14], a transferred electron effect [15], [16]
was demonstrated to be due to the complex conduction band
of certain Ill-V semiconductors and the effect could be used
to fabricate active devices for use in microwave sources andThe dc and RF performance capability of solid-state devices
amplifiers. These devices were generally termed Gunn isrfundamentally dependent upon the properties of the semicon-
transferred electron devices (TEDs) and they found wide udector material from which they are fabricated, and the success
in microwave and millimeter-wave systems, particularly foof microwave solid-state devices has been due in large part to
local-oscillator applications due to a combination of widadvances inthe quality of semiconductor bulk and epitaxial ma-
tuning bandwidth and moderate noise performance. Althoutgrials. There has been a continued improvement in the quality
the first Gunn devices were fabricated in GaAs, InP is alsd semiconductor materials dating back to the first demonstra-
used to fabricate devices due to improved high-frequency péopns of these devices. Bulk growth has primarily focused upon
formance [17]. In general, the performance of the two-termintdchnologies to produce semiconductor wafers for use as sub-
devices at high frequency was superior to that from transist@tsates for the growth of device quality epitaxial layers, and de-
and many practical microwave and millimeter-wave systemice fabrication generally occurs in the epitaxial material. The
were designed using active diode sources. focus of bulk technology is to produce substrate wafers with
The current state-of-the-art of microwave solid-state devicadow density of defects and uniform and controlled impurity
designed for RF power applications is compared to that for ndensity. Both low- and high-resistivity substrates are necessary,
crowave tubes in Fig. 1. As indicated, solid-state devices prdepending upon the type of device to be fabricated. The low-re-
duce RF power levels less than about 100 W and operate wsihtivity substrates are generally used for vertical devices, such
reasonable RF output power to frequencies of about 100 GHs. diodes and bipolar transistors, where the current flow must
The RF performance status shown in Fig. 1 is for single devipass through the substrate material. High-resistivity substrates
operation, and does not necessarily represent a true compae- used for surface-oriented devices, such as field-effect tran-
ison of the RF output power capability of a system. Power-corsistors, where the current flow is parallel to the substrate. For the
bining and phased-array technology permit the outputs of malagter devices, good dc and RF performance generally require
solid-state devices to be combined, thereby producing signifitat current flow be confined to the epitaxial layer and blocked
cantly improved RF output power, and solid-state systems cémm the substrate.
in practice, compete in terms of RF output power with tube- A variety of technologies for growth of semiconductor
based systems. Combining technology can raise microwave &fitaxial layers have been developed dating back to the first
output power into the kilowatt range, at least througkband demonstration of solid-state devices. The first epitaxial layers
and intoX -band, and theoretically to much higher power levelsvere based upon liquid-phase epitaxial (LPE) growth tech-
However, such multidevice concepts are increasingly difficuiology where a molten semiconductor is passed over a substrate
to apply as operating frequency increases and cannot extendahd, as it cools, it produces thin semiconductor layers that are
upper frequency limit beyond the present state-of-the-art. Opttice matched to the substrate. By including controlled densi-

Il. SEMICONDUCTOR MATERIALS



762 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 3, MARCH 2002

ties of impurities in the molten material, relatively thin layers TABLE |

of doped p- or n-type material are formed. The process requires MATERIAL PROPERTIES FORSEVERAL SEMICONDUCTORS
high temperature for the liquid flow process and it is difficult ) Eg Py - e
to produce thin layers with uniform thickness and precise Material (eV) (WPK-cm) | (Viem)
and spatially uniform impurity concentration due to diffusion S 112 19 G X0
effects. The process is, however, low cost and was widely —Gzas 143 125 0.54 Ax10°
used for early devices. Chemical vapor phase technology ~—p 134 124 0.67 4.5x10°
also developed about the same time. In the chemical vapor ~3csic 23 9.7 4 1.8x10°
deposition (CVD) process, hot gases are passed over a substrati 4H-SiC 32 10.0 4 3.5x10°
where they cool and produce epitaxial growth. This process ~6H-SiC 2.86 10.0 4 3.8x10°
also requires high temperature and, like the LPE process, isnot — GaN 3.4 9.5 13 2x10°
capable of producing thin layers with uniform thickness and Diamond 5.6 5.5 20-30 Sx10°

well-controlled impurity concentration. Advanced epitaxial
technology for advanced device fabrication developed in the
1970s with the development of MBE. The process requirgsproved radiation resistance. Most semiconductor device fab-
chambers operated at high vacuum and involves heatingrisiation has been in Si, GaAs, and InP and related compounds
various material element sources to produce atomic fluxem)d virtually all devices commercially available are fabricated
which are directed to a substrate. As the atomic fluxes lafi@m these materials. Recently, there has been interest in the de-
upon the substrate, they form epitaxial growth with veryelopment of devices from wide-bandgap materials such as SiC
precise growth characteristics. Since the growth is at relativeipd GaN. These materials have energy bandgaps about two to
low temperature, diffusion effects are minimized and veryiree times those in the conventional semiconductors. The di-
thin layers with precise thickness and impurity control arelectric constant is an indication of the capacitive loading of
produced. Also, by including multiple sources, it is possible t@ device and affects the terminal impedance. Generally, a low
fabricate binary, ternary, or quaternary compounds. Complealue for the dielectric constant is desired, and this permits a
layer structures with atomic layer control can be fabricatesemiconductor device to be larger in area for a given impedance.
and this has proven instrumental in the development of deviteereased area permits larger RF currents and higher RF power
structures with optimized performance. This ability led tto be generated. The thermal conductance of the material is ex-
the development of heterostructure devices, such as HEMT&mely important since this parameter indicates the ease with
and guantum-well structures, which are now widely used fwrhich dissipated power can be extracted from the device. Poor
advanced microwave and millimeter-wave devices. Althoughermal conductivity results in device operation at elevated tem-
MBE technology enabled the development of complex devigerature with degraded performance. Compound semiconduc-
structures, the technology was limited to relatively small sulbers such as GaAs and InP are, in general, poor thermal conduc-
strate wafer size and high throughput was difficult to achievtars and this introduces complexity in device design for devices
The technology is also costly. These factors limit the use designed to operate at high power. Diamond and SiC are excel-
the technology for high-production applications. Attention wagnt thermal conductors and are often used for heat-sink appli-
directed toward development of vapor-phase epitaxy whegations. Finally, the critical electric field for electronic break-
larger substrates could be used. It was discovered that the de&n should be high. This parameter is an indication of the
of organic catalysts could lower the temperature of the growsitrength of the electric fields that can be supported internally in
process and results competitive with MBE could be achieveltie device before breakdown. High electric fields permit large
The process is called organic—metallic chemical vapor degerminal RF voltages to be supported, and this is necessary for
sition (OM-CVD) and developed rapidly. Today, OM-CVDthe generation of high RF power. One of the attractive features
and MBE technologies are competitive and produce essentiaifythe wide-bandgap materials is a high value for the critical
equivalent device structures. Both technologies can producéedd, which is typically an order of magnitude greater than for
variety of complex heterojunction and multilayered structure®nventional semiconductors.
suitable for advanced microwave and millimeter-wave devices.Basically, a current is defined as the movement of charge
The dc and RF performance of a solid-state device is detand expressed as the product between the charge density and
mined by a combination of mechanical, thermal, and electridahnsport velocity. Therefore, the dc and RF currents that
properties of the semiconductor material from which it is fabrifow through a device are directly dependent upon the charge
cated. Much of the focus of research in materials has beencerrier velocity versus electric-field transport characteristics
identify and synthesize semiconductor materials with desirefl the semiconductor material. Generally, for high currents
and optimized properties. A summary of some of the semicoard high frequency, high charge carrier mobility and high
ductor material properties most important to electronic devisaturation velocity are desirable. A comparison of the electron
performance is listed in Table | for several semiconductors. Deelocity—electric (v—E) field characteristics for several semi-
sirable material properties include a large energy gap, a leenductors is shown in Fig. 2.
value of dielectric constant, high thermal conductivity, and high The v—E characteristic is described in terms of charge car-
critical electric field for breakdown. Wide energy bandgap gemier mobility 1,,, (units of cn?/V - s) defined from the slope
erally translates into an ability to support high internal electriaf the v—E characteristic at low electric field, and the saturated
fields before electronic breakdown occurs, and also provides f@locity v, (units of cm/s), defined when the carrier velocity ob-
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Fig. 2.

semiconductorsX; = 107 cm™—3).

10 T T T T T T T Ty IMPATTs [10], TUNNETTSs [21], and BARITTs [22], [23].

All of these devices exhibit a negative differential resistance
(NDR) property, although the basic mechanisms for generating
the negative resistance are different. Such devices can be
used either as reflection-type amplifiers or oscillators. Reflec-
tion-type amplifiers can be realized either by using a circulator
to separate the input and output or by injection locking of the
device operating as an oscillator. Here, we will mainly discuss
the use of these devices as oscillators. An equivalent circuit for
an oscillator utilizing a negative resistance device is shown in
A ) Fig. 3.

1 10 100 1000 The admittance per unit arég, is given by
Electric Field (kV/cm)

LI N ¥

4H-SiC

T
i

LI U |

0.1

Yp=-Gp+jBp 1
Electron velocity versus electric field characteristics for several J ( )

and the total admittance

tains a constant field-independent magnitude, generally at high Yo =—-AYp = -AGp + jABp 7))
electric field. The high value for electron mobility of GaAs (typ-

ically s, ~ 5000 cm?/V - s) is the main reason that field-ef-WhereA = the device area.

fect transistors fabricated from this material have such excellent’h€ device impedance is

low-noise and high-frequency performance. The v—E character- 1

istics shown in Fig. 2 are for transport through semiconductors Zg = =—Rqg—jXq4 )

doped atV,; = 107 cm~3, which is a typical impurity concen-

tration used in device fabrication. where
The magnitude of electric field that produces saturated charge ap

carrier velocity is also important since the device must be able to Ry = m

develop the saturation field to obtain maximum RF performance D D

and high-frequency operation. In general, low saturation fielé‘gd

are desirable, and this relates to the magnitude of the mobility. Xg=

Hole transport is also important for devices, such as diodes

(4)

Bp

(G +Bp) ®

and bipolar transistors, which use p-n junctions. Hole transpoghr the devices under consideration and at high operating fre-

however, tends to be significantly lower than for electrons, aRliencies B, > G and (4) and (5) reduce to
hole mobilities for all semiconductors are generally low. This

can result in high values for series and contact resistance, which R, = Gp. 6)
limit device performance. For this reason, majority carrier de- AB?,

vices such as field-effect transistors where channel currents canl

be limited to electronic flow have been favored for microwave X, = L @
and millimeter-wave applications. Heterojunction bipolar tran- ABp

sistors (HBTs), however, have also been developed and, by de- S e - _
sign, optimization where the effects of low mobility p-type re‘—ilﬁe oscillation condition is satisfied whefy, = 1, + 12, and

gions are minimized, excellent RF performance is obtained. Xa = Xp. This results in

1
wolp = 8
ll. Two-TERMINAL DEVICES oL ,Cy ®)
Two-terminal devices were the first solid-state devices to bgd
employed for generation and amplification at microwave fre- 1
guencies. Although they have been mostly replaced by three-ter- Wy = ———
minal devices at microwave and lower millimeter-wave frequen- VLLCa

cies, they still hold record performance in terms of power geg the oscillation frequency.
eration capability, particularly at shorter millimeter and submil- The power generated by the device is given by
limeter wavelengths.

There are essentially several types of two-terminal devices P _ }VQ AG 9
that are suitable for power generation. These include Esaki RE(Gen.) = 5 "REAHD ©)
tunnel diodes (TDs) [18], [19], resonant tunneling diOd%hereVRF — the magpnitude of the RF voltage.

(RTDs) [20], TEDs or Gunn-effect devices [14], [16], and gy (6) and the matching condition for oscillation, we have
transit-time devices utilizing various types of injection mech-

anisms including avalanche breakdown, tunneling, and barrier Gp

injection. These transit-time devices are generally known as AB?% = fs + By (10)
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Fig. 3. Simplified equivalent circuit of an oscillator with a two-terminal device connected to a load.
Therefore, and were utilized in oscillators up to 100 GHz. However, the

power output from these devices was very small compared to the

A= QL (11) other two-terminal devices and, therefore, are not in much use

Bh(Rs + Rr) at this time. More recently, an RTD [20] was proposed that has

and ) a much better speed index (I/C), and can be tailored to optimize
PRE(Gen) = 1 Vi —3 G . (12) the important parameters through heterostructure engineering.

2 BjH(Rs + Rr) We will, therefore, discuss the RTD here, keeping in mind that

similar characteristics are obtained from TDs. In TDs, tunneling

The power delivered to the loafl;, is given by takes place between the conduction band and valence band of a

Rr heavily doped p—nT junction and, thus, is referred to as in-
Pre(Rr) = Prr(Gen.) m terband tunneling. However, in an RTD, tunneling takes place
1 a2 through the conduction bands of a double-barrier heterostruc-
=3 VP%F D 5 (13) ture, as shown in Fig. 4. The basic mechanism for the nega-
B2Rp <1 + _5> tive resistance prqperty is also |IIu§trgted in this figure. As is
L well known, tunneling electrons maintain energy and must have

Itis, therefore, seen that knowledge@f, and B, for various available state; tp tunnel throqgh..A typical diode structure and
operating parameters and device designs for a particular dev‘[ay characteristic are shown in Fig. 5. The structure shown in
s figure utilizes AlAs barriers [25] and GaAs quantum wells.

IS what. IS needed to estimate th_e power generation Capab'@ﬁ}(her material systems [26]-[29] have also been employed and
and efficiency as well as the device area.

These devices can be operated under pulsed conditionsexréIbIt higher frequency performance.

well as continuous wave (CW). Therefore, there are two Iim—iStnagggtroa;s;tloé?%()tgfsritsvt\':g\?g:]:sle?e‘\/,:l(i:de:’ftrzeS;?gt'\::r:e'e
itations for power generation capability. The first is electronig P y d y rang

. . . .ﬁnd extends to dc This presents problems relative to bias circuit
and the second is thermal. The electronic generation capabi |§/ L ) T . ) )
.0scillations and the bias circuit must be included in an estimate

is limi hi hel i including th . - . .
is limited by matching to the load resistance, including the serig power generation capability. Thus, the equivalent oscillator

resistance of the device. The thermal limitation is determined 8}/ L o
circuit is shown in Fig. 6.

the thermal resistance of the device, which depends on variou?n order to gain a better understanding of the power genera-
parameters, including area, heat sink, and layer structure. Eor 9 g P 9

additional details on fabrication technology and heat sinkin jon capat_nh_ty of this deV|_ce, we wil assume a Imgan_zl’eél
the reader should refer to [10]. haracteristic, as shown in Fig. 7. Referring to this figure, we

assume that the device is biased in the middle of the negative
resistance region [i.e¥pc = (1/2)(V, + V,,) andIpc =

V. TWO-TERMINAL SOLID-STATE NEGATIVE-RESISTANCE (A/2)(J, + J,)]. Assuming that the RF voltage swing is lim-

DEvICES ited to the negative resistance region, the maximum RF voltage
A. Tunneling Devices swing will be
In this category (which does not include TUNNETTs be- 1
cause transit-time effects are negligible), we include Esaki TDs Vrr = Q(Vv = Vp). (14)

and RTDs. They both exhibit negative-resistance in tiielr The neaative conductance per unit a€éa is given b
characteristic ranging from dc to very high frequencies. The 9 P 8159 y
Jy—Jp

electronic power output is mainly limited by the large capac-
Gp=v— (15)
v ¥Vp

itance of the device. Esaki TDs [18] were proposed in 1958
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Fig. 4. (a)—(c) Bias-dependent band diagrams at the three bias phidts andC'. (d) Current—voltage characteristic for a GaAs/AlAs double heterobarrier
structure.

and the diode susceptance per unit abeais represented by are to be avoided. This limitation is related to the bias circuit

R inductance [30], [31] and can be expressed as

BDIUJCDIUJW (16)
ACpH Cp
<= =
where Ls = A2GL T AGE (20)
Cp capacitance per unit area; and
es dielectric constant; A< Cp ' 1)
W depletion-layer width. - L,G3
The diode areat and the RF power generated are obtained from o o
(9), (11), and (13), and are given by In this case, the bias-circuit limited RF power is given by
Prr(Gen) = EA(Jp _ 1) Ve=V,). (17) Prr(bias circuit limited
i —l(v —1/)371 <@> (22)
The dc to RF conversion efficieneyis given by g " M (p—d)\Ls)
Jp V., This presents a severe limitation on the power generation ca-
P 1 \J, 1 Vp -1 pability of these devices for finité s since ¢, — V},) in these
= Poc 277 v : (18)  devices is very small.
<]—p + 1) <Vb + 1) For the experimental device shown in Fig. 3, we can estimate
Iy p

(V. = V,) = 05V, J, = 40 kAlcm?, J,/J, = 3.5, and
The circuit limited RF power is given by W = 70 nm. The output power from such a device can the.n
be estimated [21] for both limits, and the results are shown in

1/ 7, \? JN\?  Rp Fig. 8.
Prr(Rr) = 8 <w OD) <1 - J—> (RL+Rs)? (19) Fig. 9 summarizes the best experimental results obtained to
’ i date from RTDs in several material systems [25], [27]-[29]. It
However, since the negative resistance in this device extenslseen from this data that an oscillation frequency of 712 GHz
to dc, another limitation arises when bias circuit instabilitiewas obtained and is the highest fundamental frequency achieved
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to date.from a solid-state source. However, the power level WI'-’:}S 9. State-of-the-art RF power levels from RTDs in the frequency range of
approximately 0.3:W. 30-1000 GHz.

B. TEDs low-noise performance and are well suited for local oscillator

These devices utilize the basic transport properties in budbplications. They require materials with a particular band
materials to generate the negative resistance. They are unipetaucture, which is found in several semiconductor materials,
devices where no p—n junction is required as compared to fhrticularly 11I-V compounds. In order for a material to
other two-terminal devices presented. These devices exhiiyt suitable in these applications, it must possess the following
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Fig. 11. v-E field profile for the two-valley semiconductor of Fig. 10. 1 3 <oe™
qualities. i
1) It must have at least two valleys in the conduction band. 0.1 I A . !
2) The minimum of the upper valley must be at least several 30 100 400
kilotesla above the minimum of the lowest or main valley Frequency [GHz]

in the conduction band.

3) The energy difference between the minimum of the uppéiﬁ- 12. Published ;tate-of-the-art results from GaAs and InP Gunn devices
valley and that of the lower valley must be less than t2%r Y oberation n e freauency ange of 0400 Giiz Mumbers net o
energy gapF g in order to avoid avalanche breakdown.

4) The transfer of electrons between the bands must taK€jifferent properties of the device. The operating frequency is
place in a time that is much less than the period of ”}fpproximately given by
operating frequency.

5) The effective mass of electrons in the upper valley must fop = vr (23)
be much higher than that in the main valley and, thus, !
mobility in the upper valley will be much lower than inwherevr = the effective transit velocity antd= the length of
the main lower valley. the device. However, the operating frequency will vary from that

Fig. 10 shows a simplified band structure of such a materigiven by (23) depending on the mode of operation. The bulk
system, and Fig. 11 shows the v—E field characteristic, indiegative differential mobility alone does not result in a NDR at
cating the region of negative differential mobiljty < 0, which low frequencies, as seen previously in RTDs, but does resultin a
is responsible for the negative resistance and, thus, power géyRamic negative resistance at frequencies arginds shown
eration. It can be seen from these figures that when the elecirid24]. Among the many semiconductor materials that exhibit
field E is less than the so-called threshold fidl,, most of the transferred-electron property, only two materials, namely,
the electrons will reside in the lower valley and have a highaAs and InP, have received the most attention and resulted
mobility. WhenE > E.,, electrons in the main valley gainin the best performance. Since the relaxation rates in InP are
enough energy to transfer to the upper valley where the ngmaller, InP has shown excellent performance up to very high
bility is lower and, thus, the velocity decreases. This continufiequencies [35]. Fig. 12 shows the state-of-the-art of GaAs and
until the great majority of electrons are transferred to the uppé@P devices in the 30-300-GHz range.
valley andFE > E\,. The velocity then starts increasing agai
but with a lower mobility.

Current oscillations in GaAs and InP were first observed by This group includes several very important devices whose
Gunn [14], [32] and were subsequently explained by the trargperation depends on a particular current injection mechanism
ferred-electron effect [16], [33]. Due to the negative differentiand transit time to create the proper phase relationship between
mobility and depending on the doping concentration and lengtie RF voltage and current, which results in power generation.
of the device, several modes of operation exist [34] and restithese devices have many common properties and their basic

n o .
€. Transit-Time Devices
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Fig. 13. Schematic longitudinal section of a negative-resistance transit-tim
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principle of operation can be explained by reference to Fig. 12 ¢ ' S . L L - ot

In such devices, carriers are injected into a depleted regio

whose width isW and they drift toward the collector with a ina jo—— © —p
1
1

velocity that is dependent on the electric field in this region.

Several mechanisms can be employed to generate and inje | : | I

carriers. These include the following. Ow—e e Ow—eml L
1

1) Thermionic emission over a barrieBuch a barrier can -1 L L1
be formed by a p—n or Schottky junction in forward bias
or by a heterojunction of a layer with a wider bandgapig. 14. Idealized voltage and current waveforms for transit-time diodes.
than in the neutral and drift regions. This would result in

a BARITT device [22], [23]. drift region and travels at a saturated velocity. This results in

2) Tunneling through a barrierElectron tunneling takes the voltage and current waveforms shown in Fig. 14 for all the
place in a reverse-biased heavily dopee-p™ junction.  transit-time devices described above.

It can also take place through a heterojunction barrier andthe voltageV; across the diode is given by

resonant tunneling through a double barrier. This would

result in a TUNNET [21] or a quantum-well injection Vr = Vbe + Vepsinwt (26)
transit-time (QWITT) device [36].

3) Avalanche multiplication through impact ionizatioAt ~whereVpc and Vrr are the dc voltage and magnitude of the
high electric fields in a reverse-biased p—n junction, ele®F voltage, respectively. The current pulse is injected at phase
trons and holes gain enough energy to create additioraigled,,, with awidthé,,. The induced current is represented by
carriers through ionization from the valence to the corihe current density,.,. and the transit angle in the drift region
duction band. This would result in carrier injection by p(=wW/v,).
avalanche breakdown and an IMPATT device [10]. The properties of each of the devices under consideration are

4) At very high frequencies where very narrow regions afetermined by,,,, the injection phase angle, afig, the effec-
carrier generation exist, both tunneling and avalanchige width of the pulse. The RF power generated in such devices
mechanisms are present and, thus, a mixed mode wdth areaA is given by
sults. This would yield a mixed tunneling-avalanche o
transit-time (MITATT) device [37], [38]. Prr = — A / Jina(wt) Vi sinwt d(wt) 27)

The pulse of charg€, which is injected into the drift region 27 Jo

at Iocatio.an, drifts under a high electric field.at a drift veIocityWhiCh simplifies to
vo, and induces a current in the external circuit connected to

— Jrnax

- ot

the device. The induced current density in the external circuit is sin(fy/2) cos(0+80p)—cos O,
given by the Ramo—Shockley theorem [19] Prr = AVrrJ/nc (60/2) 5 (28)
- _Q W\ dw The dc current densitypc is given by
de = W vQ W dt . (24) ,
T ']xnax

Under ideal conditions, the diode is always punched through Jpc = 27 Jo Jina(wt) d(wt) = I Op.  (29)
and the electric field is usually high enough so that the car- _ -
rier velocity is saturated. Under these conditions,= v, and Therefore, the dc to RF conversion efficiengis
dW/dt = 0. Equation (24) reduces to  Par Var sin(6./2) cos(Bm+0p)—cos by )

Q - Poc Voo (6./2) fp .

Jind = W Us. (25)

It is clear from the above equations that it is desirable to have

These properties allow us to use a simple and approxim#@tg as small as possible. Under the ideal sharp pulse approxi-
large-signal analysis to determine the basic power generatioation, we assumg,, = 0. With this assumption, we can now
capabilities of these devices. Under such large-signal condetermine the properties of the various transit-time devices as
tions, we assume a sharp pulse of carriers is injected into floows.
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1) IMPATT Mode: In this mode#,,, = = and (30) reduces < E
to
o I
VRF <COS€D—1> —p:bn a or —
= . 31 i
K Vbo fp (31) '
Forfp == Ea ! :
=2 (VgrF o :
and the maximum occurs & ~ 0.747 where ! . >
i
. . x
n=— 227 <VRF ) ) Xy » P — » ’]
w VDC

IMPATTS are very efficient relative to the other devices an@9- 15. Schematic layer sequence and electric-field profile for single-drift
. . transit-time diodes.
generate very high power. This is becadsg-/Vpc can ap-
proach 60% in materials such as GaAs and InP and efficien- . o )
cies can approach 40% under ideal conditions. Also, the curréht Device Structures for Transit-Time Devices
density in IMPATTS is very high and, thus, the power output The basic device structure for IMPATT, MITATT, and TUN-
will also be high. IMPATTS, therefore, are the most powerfUNETT devices is shown in Fig. 15, whek is the critical field
solid-state devices available. However, they are quite noisy ier breakdown. The generation region width can be con-
cause of the avalanche generation mechanism. The noise catrdied by the width of the layer at the ginT junction, and
reduced by injection locking or by introducing a tunneling conthis will result in the following different modes of operation:
ponent to the injection mechanism as will be discussed below. Forz 4 > 100 nm, E.z4 = 1, we get avalanche breakdown
2) TUNNETT and BARITT Modedn these moded,,, = and, thus, an IMPATT diode. Fary < 50 nm,E. > 10° V/cm,
7/2 andyn becomes we get mostly tunneling and, thus, a TUNNETT diode. For
50 nm< z 4 < 100 nm, we have mixed tunneling and avalanche

n= # Slg 22 (32) breakdown, and this results in an MITATT diode.
bc YD As the frequency of operation gets higher, the depletion layer
In this case,n is maximum até, = 3wx/2, where widthsbecome smaller and it becomes more difficult to control
n = (—2/37)(Vrr/Vbc). the width ofz 4. At extremely high frequencies, it becomes dif-

As can be seen from these expressions, the efficiency of TUfieult to satisfy the relationship ab.z4 = 1 and, thus, would
NETT and BARITT devices is approximately 1/3 that of an IMbe difficult to operate in the IMPATT mode (unless we use very
PATT under ideal conditions. This is because there is an indudédh £, materials) and, in this case, the TUNNETT mode will
current during the positive half of the RF cycle extending frordominate. It is, therefore, expected that TUNNETT devices will
6 = w/2 to w and, thus, the device absorbs power during thize more suitable for frequencies approach the terahertz region.
phase. Howevel/¢ will be higher and the capacitance lower, From the approximate waveforms shown earlier, it is rela-
which will have a positive effect on power output. In additiontively straightforward to estimate the power and efficiency of
because of the carrier generation process, these devices havéhese devices after a structure as shown in Fig. 15 is chosen. This
cellent noise performance, which is comparable to TEDs [24]s beyond the realm of this review and the reader is referred to

3) MITATT Mode: Inthis mode of operatiom,,, varies from [24], [38]-[41].

7 /2 ton depending on the ratio of tunneling to avalanche gen- IMPATT devices in particular can also be implemented in so
eration and, therefore, the efficiency and power output will vagalled double-drift structures, as shown in Fig. 16. Here, the gen-

between a pure TUNNETT and a pure IMPATT mode. eration region is in the middle and both electron and hole drift
4) QWITT Mode: In this mode of operatiorq,,, = 37/2 regions are present, but the basic operation is the same. Here,
andn becomes the electronic power generation capability is approximately four
Vap sinfp times as large as that of single drift devices. The reason for this
n=—-—— . (33) is the lower capacitance, which is one-half and, thus, the area
Vb fp can be made twice as large for the same impedance level. The
Forbp = n/2 breakdown voltage will be double and, thus, for the same cur-
~2 Vip rent density, we get twice the voltage and twice the current and,
= Voo thus, the power will be four times higher. However, the thermal

resistance will be higher and, therefore, the CW operation we
As can be seen, the efficiency expression becomes the samgedss approximately twice the power, which is still substantial.
for an IMPATT, however, in this cas&p andVgrr will be very The basic device structure and electric-field profile for a
small and power generation will be small. Also, as discuss@ARITT device at the operating point are shown in Fig. 17.
earlier, such a device is more difficult to stabilize because thieis shown that there is a small region at the forward-bias
negative resistance will extend to dc, which will limit the poweinjection point where the electric field is below thg; region
further. for carriers, but the carriers become saturated whien E..
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, E without the use of nonreciprocal devices such as circulators,

which tend to be large and temperature sensitive due to the

- + use of magnetic materials. Transistor structures, however, are
— P pori pfli N nori |n™._ generally more difficult to fabricate than two-terminal devices,

and advanced high-performance transistors required the devel-

opment of advanced lithography and fabrication technology
that permitted submicrometer feature size to be realized.
Minimum feature size on the order of 0;dm and below is
now readily available using electron-beam lithography and
high-performance microwave and millimeter-wave transistors
can be fabricated and are finding commercial application.

Both bipolar and field-effect transistors are used for mi-
crowave and millimeter-wave application. Standard Si bipolar
transistors can be used to abdkit:-band (26—40 GHz), and
HBTSs using the AlGaAs/GaAs or InGaAs/InP material systems
extend the upper frequency of operation to over 100 GHz.
Fig. 16. Schematic layer sequence and electric-field profile for double—drllf:tleld-_eﬁect transistors, primarily due t_o the abIIIFy to realize
transit-time diodes. submicrometer gatelengths, are near ideal for high-frequency
operation and are routinely used for microwave applications

Due to the basic mechanisms involved in the forward-bia# t0 100 GHz. Use of heterostructures to realize HEMTs or
junction region, the ratio oy / Ve is limited to small values HFETS extend the upper frequency of operation to around
and, thus, the achieved efficiency is much smaller than the idS80 GHz. The basic operation and performance of bipolar and
value cited previously. Again, here, we can estimate the powliid-effect transistors are presented in this section.
output and efficiency after the structure is chosen, and the
reader is referred to several references on this subject [42]—[4%].
The state-of-the-art CW experimental results of these The bipolar transistor was invented by Shockly, Bardeen, and
transmit time devices are shown in Fig. 18. Of course, signirittain in 1948 [2], [3]. Since that time, the device has under-
icantly more power can be generated under pulse conditiqg@ne continued development and improvement and is now in
where thermal considerations are relaxed. Transit-time devisdgle use for microwave and millimeter-wave applications. The
so far have been realized mostly in Si and GaAs. Other mateajority of bipolar transistors are fabricated from Si and are
rials such as InP and more recent ones such as SiC [45] aseful for microwave applications through abditband and
GaN, which have a largeE,, may be capable of generatingup to X-band. Although the advantages of utilizing a wide-
significantly higher powers. It is well known that the basi®andgap semiconductor for the emitter of a bipolar transistor
material parameters that determine the power generation cagere discussed by Shockley in his transistor patent, the modern
bility are the critical field for breakdowt’, and the saturated HBT was proposed in 1957 by Kroemer [47], who also dis-
velocity. In addition, the conversion efficiency from dc to RF isussed the advantages of HBTs over conventional bipolar tran-
also important, and this depends on the mode of operation aigfors. Significant development followed and promising results
other basic material properties such as low field mobility argtarted to appear in the 1970s [48]-[53] with HBT develop-

Bipolar Transistors

ohmic contacts. Therefore, ment in 1lI-V compound semiconductors based upon the Al-
) GaAs/GaAs system. However, it was not until the development
Prr(Gen.)a(Ecvs)™n. (34) of MBE semiconductor growth technology that practical het-

) e 5 . ) erojunctions of sufficient quality for practical device applica-
st ot s St 0 CoU b prodtced and, b e 19605, h tecrnology of
1al sy It ' : Bricating HBTs with excellent microwave performance was

have a much greater potential that has yet to be tapped. Uilﬁvancing [48]-[53]. By the early 1990s, the current gain fre-

maotlel)r/], of courS(Ia, the !argEc gmd. velot():|ty cc)jccur n valguur? uency response of these devices had reached 200 GHz [53].
e e e e Somicrometr scang s nowpishe oo e range o
the drift region may be very appropriate for terahertz power ge%l—)O GHz[54], The development of HBTs using SiGeasthe ba}se
X were reported in 1987 [55], and these devices advanced rapidly
eration as has already been proposed [46]. and now produce RF performance essentially equivalent to Al-
GaAs/GaAs HBTSs. The SiGe material is used as the base region,
and since SiGe has a smaller bandgap than Si, a device with the
The earliest development work with microwave solid-stat@dvantages of awide bandgap emitter are obtained. The SiGe-Si
devices were attempts to fabricate three-terminal devicesHBT has the advantage of being compatible with standard Si
semiconductors. Transistor structures have always been favgueacessing technology, which makes the device attractive from
by circuit designers due to the inherent isolation between thecost perspective.
input and output ports, and the resulting simplification in circuit 1) Basic Operation Principles:The bipolar transistor is a

design. This permits oscillators and amplifiers to be fabricatgdn junction device and is formed from back-to-back junctions.

V. THREETERMINAL DEVICES
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Fig. 17.
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Basic device structure and electric-field profile for a BARITT diode.

In normal operation, the base—emitter junction is forward bi-
ased and the base—collector junction is reverse biased. Electrons
are injected from the emitter into the base region where they
travel by diffusion transport to the collector junction. At the col-
lector, they are attracted by the reverse-bias field and swept into
the collector region. The transit time through the transistor can
be written as the sum of five transit times, and expressed as

Tee =Te + 7o+ 7y +7Tc + 70 (35)
wherer,.. is the total emitter-to-collector transit-time, is the
base—emitter capacitance charging tinfeis the base—emitter
depletion region transit-time; is the base region transit time,

7. 1S the base—collector capacitance charging time sanmslthe
base—collector depletion region transit time. For a standard Si
bipolar transistor, the base—emitter region transit time is gen-
erally small and can be neglected since the junction is forward
biased. The gain-bandwidth prodygt for the transistor is the
reciprocal of the total transit time, and can be expressed as [56],
[57]

Fig. 18. State-of-the-art RF power levels from transit-time diodes under CW 1
operation in the frequency range of 30-400 GHz. Numbers next to the symbfls = 5
denote dc-to-RF conversion efficiencies (in percents). TTec .
2 _
o~ {% [kT(Ce +C.+C)) L Wh e WB} }
qlc 77DpB 2v,

Since itis athree-terminal device, it can be either p-n-p or n-p-n.
For high-frequency application, the n-p-n structure is preferred
because the operation of the device is dependent upon the abiji

(36)

%ically, for a microwave bipolar transistor designed to op-

of minority carriers to diffuse across the base region. Since ele

. Iy ate at frequencies up to abdisband, the emitter-to-collector
trons have superior transport characteristics compared to hof?gnsit time divides in the following manner:
the n-p-n structure is indicated. '

The microwave operation of a bipolar transistor is dependent,  40% 7., 7, ~ 10%7.. 7, ~45% 7. 7o ~ 5% Tec
upon the time for a charge carrier to transit the entire length of
the device [56], [57]. The physical structure for the transist@nd the frequency response of the transistor is primarily
is shown in Fig. 19 and the energy band diagram is shownlimited by the base—emitter capacitance charging time, and
Fig. 20. the base—collector depletion region transit time. However, for
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Fig. 21. Bipolar transistor equivalent circuit.
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Fig. 20. Energy band diagram for a bipolar transistor. Fig. 22. Current gain versus frequency for a bipolar transistor.

transistors optimized for higher frequencies, the capacitangien doping can, therefore, be optimized for transistor perfor-
charging times are minimized by area reduction and dopimgance without back injection concerns. This is the advantage
profile optimization and the transit times across the base regiohthe HBT noted by Shockly in his original transistor patent.
and the base—collector depletion regions will dominate tféne heterojunction bandgap can be chosen so that the HBT will
frequency response. Si bipolar transistors can be designed&ve current gain independent of the base and emitter doping.
operate with good gain performance upKe-band. This permits fabrication of a microwave transistor with a heavily
To improve the frequency response and RF performancedsiped base region and a lightly doped emitter region. Therefore,
the bipolar transistor, a wide-bandgap semiconductor can ¢@mpared to a standard bipolar transistor, the HBT has reduced
used as the emitter. In order to achieve good performancebése resistance, output conductance, and emitter depletion ca-
is desirable for the emitter current injected into the base to cqpacitance, and greatly improved high-frequency performance.
sist essentially entirely of minority current in the base region. A high-frequency equivalent circuit for the bipolar transistor
The currents in the base and emitter regions, however, consisisofhown in Fig. 21. The basic Ebers—Moll or Gummel-Poon
both minority and majority currents, and some majority currembodels can be used, suitably modified to account for parasitic
in the base is back injected into the emitter, where it degradef§ects, etc. Charge control model formulations have proved
transistor performance. The back-injected current degrades shiecessful and many variations have been presented.
currentinjection efficiency and reduces transistor gain. In a stan-The current gain for the transistor as a function of frequency
dard bipolar transistor, the back injection can only be minimizésl shown in Fig. 22. The current gain at microwave frequencies
by fabricating the device with an emitter impurity concentratiodecreases inversely proportional to frequency, as indicated,
much larger than that in the base, typically by one to two cand in the common-emitter configuratiofy- indicates the
ders of magnitude. However, by introduction of a wide-bandgajpper frequency at which positive current g@irexists. In the
semiconductor for the emitter, the back injection of current caommon-base configuration, the current gaiis always less
be blocked by the energy band discontinuity. The emitter réxan unity.
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Examination of the equivalent circuit yields an expression fo|Prain 8i0, Source Gate Metal Drain
unilateral gain of the transistor 1 / ‘J
(€%} z : :-' d

RPSNTRADY - S IR
A ZZIIMIIIMINY
where «, is the common-base dc current gain indicated iFig. 23. Basic structure for a field-effect transistor.
Fig. 22. The unilateral power gain represents the maximum gain
possible from the transistor when it is embedded in a netwop,qre
with no feedback paths. The unilateral gain is an inverse func-
tion of the square of the frequency, aliditherefore, decreases _ {(1 + f_2> <1 + f_2> — } 1 (41c)
at a—6 dB/octave rate. The frequency at which the gain is - 12 12 ° ’
reduced to unity is called the maximum frequency of oscillation
(fmax), and is a useful figure-of-merit for the transistor. It repThe f, and f. terms represent the base and emitter—base junc-
resents the greatest frequency at which the transistor has acii9@ cutoff frequencies.
power gain and, in terms of the equivalent-circuit parameters, Typically, Si bipolar transistors have a noise figure less than
can be expressed as 1 dB up to about 2—-3 GHz, and noise figures in the range of
3 dB up throughX-band. HBTs have improved performance
and noise figures in the range of 2 dB&tband can be obtained.
(38) siGeHBTs produce noise figures just under 2 dRavand and
in the range of 3 dB at 20 GHz.
The ability to employ highly doped base regions permits low
base region resistancg to be obtained. Primarily for this B. Field-Effect Transistors

reason, HBTs have exqellent high-frequency performanceryq modern field-effect transistor derives from the early work
capability. They produce increasgd compared to standard ot sy etzer in 1950 [6] and Shockley in 1952 [8]. The basic
bipolar transistors andh.... approaching 200 GHz has beeryycyyre, which was based upon the vacuum triode, is shown in
obtained. . . . L Fig. 23, and consists of two conducting electrodes (the source
A comparison of gain-bandwidth products for similar GaA§ g grain) located on the surface of a conducting semiconductor
and SiGe HBTs haSQbeen_ reported by Ning [58]. A GaAs HBl-Elyer. The FET structure shown in Fig. 23 has two drain contacts
with a 0.6 x 4.6 ym” emitter produced arfT2of 140 GHz, 4nd two gates, and is typical of practical devices.
whereas an SiGe HBT with a 0.36 3.55 ym” emitter pro- g gjactrode contacts are designed to have ohmic character-
duced anfy of 130 GHz. The pealf;- occurs at slightly lower ;e (tacilitated by the N regions) so that when connected to
collector current for the GaAs HBT compared to the SiGe HB Ly, external bias source, the device operates as a simple resistor.
These results indicated that the tV\_’O HBTS have comparal;[ezhird electrode (the gate) is located between the two electrodes
hlgh-frequenc_y performance. The S'GE'T_S' HBT_S a_lso haV(_e &fid is designed to be a rectifying contact. By applying a re-
cellent low-noise performance due to high mobility in the SiGgy,qe pias, the channel region under the gate can be depleted of
material, which helps produce a low base resistance. charge, thereby providing a gating function. Since application of
2) Noise Figure: Noise figure is a measure of the amouni, 5o5)| RF signal to the gate permits control of the channel cur-
of noise added to a signal by a lossy device through which the, \yhich is relatively large, a gain mechanism is established.
S!gnal passes. It IS deflngd as the ratio of the mput t0. OUtpHf e rectifying gate contact can either be a metal-semiconductor
S|gngl—to—n0|se ratios a_nd is generally expressed in decibels 8Chottky contact to form a MESFET, or a p-n junction to form
cording to the expression a junction field-effect transistor (JFET). In general, RF perfor-
(S/N)., mance of the MESFET has proven much superior to that of the
1= 10log W (39) JFET and development work with JFETSs has been limited.
out The early FET development work was hindered by poor
In terms of the equivalent-circuit parameters, the minimugemiconductor quality, large feature size that could be produced

U=

(37) ey N*
uffer L

g GCC
16727, C. f2 <7‘ec + Tbebe )
o

o]

o]

1/2
fr

fllla.){ = 87‘(‘7’() Cc

noise figure for the transistor can be expressed as with available patterning techniques, and difficulty in obtaining
ry + Rops 2\ 1 suitable low-resistance contacts. The large gatelengths that
Foim =20 " =y <1 + F) -~ (40) could be produced resulted in very low gain and very low
e b o

frequency response. Most development work shifted to the
where the optimum source resistance is bipolar transistor since the performance of this device was less
) 12 sgnsitive_to geometry Iimitations. Seriogs development wqu
Ry = {75 X2 <1 n f_) 7 (27 +7’e)} (41a) with the field-effect transistor reemerged in the late 1960s with
' e 1z ot the development of projection photomasking technology that
; ; permitted the small feature size required for high-performance
and the optimum source reactance is transistors to be realized. For example, in 1969, Middelhoek
X <1 n f_2> 2r fCrpr? (41b) [59] demonstrated a silicon MESFET with auba gatelength.
opt f2 Aol Using this technology, a transistor witki-band performance
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(i.e., fumax = 12 GHz) was produced [60], which was equiv- g::g N ——
alent to the besf,,., available from bipolar transistors at the A
time. Although other work was pursued using silicon, including

some work with JFETs, most attention soon shifted to the us

of GaAs due to the higher mobility available with this semi- Nd
conductor. This work was successful and high-performanc N 7N 7N\
MESFETs were soon realized. For example, fabrication of J | | \ } \
1-um gatelength GaAs MESFET with af},.x of 50 GHz, / \ / \ \
and useful gain up to 18 GHz [61] was reported in 1970. S \ /
As the importance of gatelength control and the relationshij
of gatelength to microwave performance was understood,
there was effort directed toward development of advanced.24. Modulation doping principle.
lithography technology that could produce less thapni-
minimum feature size. Electron-beam lithography was rapidly
developing and was applied to define gates [62] for GaAs
MESFET fabrication. This technology has improved steadily
and can now routinely produce gatelengths down to;oni

and less. At the present, time high-performance FETs for most
microwave and virtually all millimeter-wave applications have
gates defined by electron-beam lithography.

The GaAs MESFET developed rapidly and, by 1972, it was
clear that these devices were capable of very low-noise ampli-
fication [63], and noise figures in the range of 3—4 dB were
obtained atX -band. Improved material and contact technology
and gatelength reduction have permitted noise figures to be con-
tinually reduced and noise figures on the order of 1-2 dB in
X-band and 3-4 dB ifKa-band can now be obtained. The
GaAs MESFET can be redesigned for microwave power appli-
cations by using multiple gate fingers arranged in parallel. This
permits large gatewidths to be fabricated while maintaining the
short gate necessary for microwave performance. Since channel
current is directly proportional to gatewidth, the multiple gate
finer structure results in large RF power due to the increased
RF currents that flow. The first devices using this technique
were demonstrated in 1973 [64]-[66]. A GaAs MESFET with
20 gates, each gm long and 40Q:m wide, permittedS-band -
power of 1.6 W with 5-dB gain and 21% power-added efficiency . . .
to be obtained [64]. Power devices have rapidly developed q%ﬁfmﬂaﬁgg?ﬁ gggiggnzui?o'fﬁ at a heterointerface between wide- and
today MESFETs withS-band power greater than 80- and
Ka-band power approaching 1 W are commercially available.

HEMTSs: Field-effect transistors based upon heterojunctions
can also be fabricated. These devices make use of the modula-
tion doping principle proposed by Esaki and Tsu in 1969 [67],
as shown in Fig. 24.

Free charge from the high doped regions diffuses into the low
doped regions where it is able to flow with high mobility due to
the lack of impurity scattering in the low doped regions. High
current results. If the high doped region is fabricated from a
semiconductor with a wider bandgap, than the low doped re-
gions and the discontinuity in the energy bands is restricted to
the conduction band, a quantum well is created in the conduc-
tion bands at the interface between the two semiconductors, A% 26 HEMT structure.
electrons from the wide-bandgap semiconductor diffuse into the
guantum well, a two-dimensional electron gas (2DEG) is cre- The resulting transistor is called a HEMT and was demon-
ated, as shown in Fig. 25. strated by Mimura in 1980 [69]. HEMTs have extremely high-

The concept was demonstrated by Stormer in 1979 [68]. Tirequency performance capability and very low-noise perfor-
2DEG can be used to form the channel region for a field-effeatance, primarily due to the very high mobility characteristics
transistor, as shown in Fig. 26. of the 2DEG. These devices are also used for microwave and

nx) - — —

SOURCE GATE DRAIN
n+GaAs
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Fig. 27. MESFET conducting channel. Fig. 28. Field-effect transistor equivalent circuit.
millimeter-wave power applications and aba¥eband are su- S0 g T
perior to MESFETs. The HEMT is described in more detail by
Mimura elsewhere in thisSRANSACTIONS 2 4 \\

. ) I ) . . ' ) P
Basic Operation Principles:The basic operation of a field- PAE \ .
effect transistor is illustrated in Fig. 27. In normal operation, & 30 K.,___ ..
the drain is biased with a positive voltage and the source ig — |
grounded. Electrons are, therefore, injected from the source in & 20 g ]
the conducting channel where they form the channel curren 5
The gate is reverse biased, forming a depletion region under tl = ¢ -L\A ¢
Ay
gate. - ¢ —
As the voltage applied to the gate is modulated by an RI 0
signal, the depletion region will vary in the conducting channe 0 5 10 15 20 25 30 35 40
Frequency (GHz)

with a depth proportional to the magnitude of the applied gat
voltage. When the depletion region extends through the ent'i:r_e 29
conducting channel, a pinchoff condition is achieved. For gatg' '

bias voltages that vary between open channel and pinchoff con- . .
ditions, a set of well-known saturating-V" characteristics re- 1ne former is controlled by the lithography and process tech-

sult. Key parameters can be derived from a simple model apglogy employed to fabricate the gate and the latter is a function
are the pinchoff voltage of the semiconductor. Similarly, the maximum frequency of os-

cillation can be derived from the equivalent circuit and is

RF performance of commercially available power FETSs.

_ (e e

Yo = < 2e )a (“42) _ fr | Rus
fmax — a5 - (46)

2 R,

the transconductance
I, 1 A high fu..x requires a highfy and a largeR,, /R, ratio. The
In = 5 |75 77 (43) fr represents current gain and tif&, /R, ratio represents
2V, 1 —-14/1,

voltage gain. Power gain can be obtained at frequencies above
fr, but only by establishing suitable voltage gain and this
requires large output impedance to input impedance ratios.
L 1 This is difficult to achieve at microwave frequencies and
Cys =262 [g <m) + 1-56} (44) high-performance millimeter-wave devices require hjgh
RF Power Performance By scaling gatelength to the range
where NV, is the channel doping density, is the conducting of L, = 0.1 zm and by increasing channel doping to the range
channel thicknessl, is the gatelengthZ is the gatewidth/; of N; ~ 10'® cm™3, state-of-the-art GaAs MESFETs have
is the drain current, anfl, is the maximum saturation current.frs on the order of 100 GHz, and can operate with good RF
An equivalent circuit for the field-effect transistor is shown igpower, gain, and efficiency at least throughu-band. HEMTs
Fig. 28. can be optimized to operate wifhks greater than 300 GHz, and
An analysis of the equivalent circuit for the FET yields a@are generally used for most applications abdi#band. FETs
expression for the current gain-bandwidth product that can &&n be optimized for maximum RF output power by using gate-
written as lengths on the order aof, = 0.5 yum and by reducing channel
doping toincrease gate-drain breakdown voltage. Power designs
(45) also require device and package designs that produce reduced
thermal resistance. Power FETs that produce on the order of
wherew, is the saturation velocity of the electrons in the corB0 W at.S-band and almost 1 W at 40 GHz with good power-
ducting channel. High current gain and high frequency resporesgded efficiency and gain, as shown in Fig. 29, are now com-
require short gatelengths and high electron saturation velocityercially available.

and gate—source capacitance

f _ m ~ Vs
= 27 Cys T orL
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Sng on the order of hundreds to thousands of watts necessary
AN~ _U < to compete with microwave vacuum tubes for high-power
c,.i eg applications. This has severely limited the use of microwave
(5 () Ind solid-state tranS|§tors and dgwces in hlgh—pc.)we'r applications,
ing] R such as transmitters for ereless communications systems,
Omeg radars, HDTV, etc. Recent improvements in the growth of
> Sh— wide-bandgap semiconductor materials, such as SiC and the
R GaN-based alloys, provide the opportunity to now design and
— fabricate microwave transistors that demonstrate performance
ons previously available only from microwave tubes. The most
+ promising electronic devices for fabrication in wide-bandgap
° ‘ d semiconductors for these applications are MESFETS fabricated
from 4H-SiC and HFETs fabricated using the AlGaN/GaN
heterojunction.
The advantages of device fabrication from wide-bandgap

4 T Illllll]

e T won T siom semiconductors can be seen from a comparison of fundamental

Device ol o | o e electronlc_ transport and material parameters, as shown in

o S| ot5umPHEMT |05 [15.1]18 |76 |18 |6 oS ] 'I_'able I. SiC a_nd GaN have energy ban_dgaps about two to thre_e
O I ovestistinvell Roctl LS Fodll Bodl Dol P times those in the conventional semiconductors such as Si,
£ GaAs, and InP. The dielectric constant is about 20% lower than
2 2 i the conventional materials, and this permits a wide-bandgap
2 0.1 um semiconductor device to be about 20% larger in area for a
2 1L / _ given impedance and thereby allowing greater current. The
thermal conductance of the material is extremely important

and SiC is an excellent thermal conductor, while GaN is about

0 L M B the same as Si, the best of the conventional semiconductors.

10 20 40 60 80 100 200

Finally, the critical electric field for electronic breakdown

should be high. This parameter is an indication of the strength
Fig. 31. Noise-figure performance for HEMTs. of the electric fields that can be supported internally to the
device before breakdown. High electric fields permit large

Noise-Figure PerformanceThe noise figure of a MESFET terminal RF voltages to be supported, and this is necessary

or HEMT can be calculated from a simplified equivalent circuif©" the generation of high RF power. The critical fields for the
as shown in Fig. 30. wide-bandgap materials are excellent and very high, typically

The minimum noise figure can be written as [70] an order of magnitude greate_r than for the cor_1ventiona| semi-
conductors. In general, the wide-bandgap semiconductors have

N more optimum values for all these parameters compared to
Fiin 2 101log [1 + K fLy/gm(Ry + Rs)} (47) " conventional semiconductors.

A current is determined by the ease with which it can travel
where K is a fitting factor selected to match experimentahrough a material. Generally, high mobility and saturation ve-
data. This expression indicates the advantage in short gdtsity are desirable and result in high current capability. Al-
lengths and low parasitic resistances for low-noise transistaitsough SiC and GaN have relatively low values for the charge
State-of-the-art FETs utilize gatelengths in the range o#rrier mobilities (typically,,, ~ 200-500 cn?/V - s), they
0.1-0.2;xm and typically demonstrate minimum noise figurebave very high saturation velocity (typicalty, ~ 2x107 cm/s).
in the range of 1-2 dB througR -band. At lower frequencies, The electron saturation velocity in both 6H- and 4H-SiG.is-
minimum noise figure in the range of 0.3-0.5 dB are typicallg x 107 cm/s, which is a factor of two higher than for i, (~
obtained up toX-band. The noise performance of HEMTsl x 107 cm/s) and a factor of four higher than for GaAs ¢~
optimized for low-noise performance as a function of frequen¢y.5-0.6) x 107 cm/s). Also, the mobility and saturation ve-
is shown in Fig. 31. As shown, HEMTs produce noise figurdscity for the 2DEG for the AIGaN/GaN heterointerface is very
on the order of 0.2-0.3 dB aX-band and noise figure ap-suitable for device applications. The room-temperature mobility
proaching slightly greater than 1 dB at 100 GHz. These devicekthe 2DEG is in the range of 1000-1500%4W - s, which is
produce excellent low-noise amplifiers for millimeter-waveignificantly better than for SiC or bulk GaN. The sheet charge
applications. density for this structure can be very high and greater thax

Wide-Bandgap Semiconductor Transistoigfide-bandgap 10'* cm~? due to piezoelectric and spontaneous polarization
semiconductors show great promise for advancing timduced effects, and the measured sheet charge density is about
state-of-the-art for high-power microwave electronic dea factor of five better than is obtained for the more commonly
vices. Primarily due to low breakdown voltage of traditionatmployed AlGaAs/GaAs heterostructure.
semiconductors, it has not been possible to design and fabThe predicted RF performance of 4H-SIC MESFETs and
ricate solid-state transistors that can yield RF output powAtGaN/GaN HFETs as a function of frequency are shown in

Frequency (GHz)
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This work started with early device demonstrations in Ge and
quickly moved to Si, and then to GaAs, InP, and ternary ll1-V
compounds such as AlGaAs and InGaAs, and heterostructures

as AlGaAs/GaAs and GalnAs/InP. The search for new

materials is continuing and wide-bandgap semiconductors
such as SiC, GaN, and the AlGaN/GaN heterostructure show
promise for improved microwave and millimeter-wave device
fabrication. The basic properties, power generation capabilities
and state-of-the-art experimental results of a variety of two-
and three-terminal solid-state devices have been presented.
0 These solid-state devices have provided active sources for use
as oscillators and amplifiers from UHF to terahertz frequen-

New materials such as GaN and SiC have the potential

of increasing the power output significantly and ultimately

Fig. 32. RF performance for a 1-mm gatewidth 4H-SiC MESFET class-A
amplifier.

vacuum-based ballistic devices may be used for generation of

significant power levels at terahertz frequencies.
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Fig. 33. RF performance for a 1-mm gatewidth AlIGaN/GaN HFET class-A
amplifier. [6]

(7]

Figs. 32 and 33, respectively. 4H-SiC MESFETs can produce
RF output power on the order of 4-6 W/mm, and should produce[8
useful RF power through-band [71]. AlIGaN/GaN HFETs 9]
can produce RF output power on the order of 10-12 W/mm of
gate periphery [72], and should be useful through-band,
and potentially well into the millimeter-wave region, and [11]
potentially as high as 100 GHz. The RF power capability of
these devices compares very favorably with the 1—1.5—W/mg112]
RF power available from GaAS MESFETs and GaAs- an

InP-based HEMTSs. [13]

[14]

VI. SUMMARY AND CONCLUSIONS (15]

Starting from the early work in the 1930s to fabricate a[16]
solid-state equivalent of the vacuum triode, a variety of two-ter-
minal diode and three-terminal transistor structures have begmr]
proposed and demonstrated. These devices have found practical
application and have had a major impact upon the developmeﬁ
of microwave and millimeter-wave systems. The developmeniio]
of high-performance solid-state devices has been closely Iinke[%iO]
to the availability of suitable semiconductor materials and re-
lated process technology. Since the performance of a solid-stajs]
device is dependent upon the electronic and physical parame-
ters of the semiconductor material, there has been a continu%]
investigation for new materials with improved parameters.
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