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Abstract— Microwave transistors are useful as smali-signal am-
plifiers to 6 GHz and power amplifiers to 4 GHz. Nearly all micro-
wave transistors are of the silicon planar type. Power transistors use
three types of geometries—interdigitated, overlay, and mesh—while
smali-signal transistors use interdigitated only. The general theory of
the frequency response of transistors is reviewed, including active and
inactive elements. A condensed description of the design and process-
ing steps for a silicon microwave transistor is given. A final section
deals with the types of high-frequency measurements used in the

design and analysis of transistors.
M pinnacle in the transistor art. Not only are they difficult to
build, but most of the more desirable parameters have

been optimized. Because of the very fine geometry and the shallow

1. INTRODUCTION
ICROWAVE transistors have come to be regarded as a
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diffusions which are used, yields have remained relatively modest
compared to low-frequency types. This is in spite of the fact that a
1.5-in-diam silicon slice has a potential of almost 8000 transistors on
0.015-in centers.

The maximum frequency of oscillation now exceeds 15 GHz for
the typical small-signal transistor. Noise figures less than | dB are
now attained at 500 MHz. and less than 6 dB at 6 GHz. Power out-
put is also impressive—a peak of 100 W at | GHzand 5 W CW at 4
GHz. Fig. 1 gives a plot of noise figure and power output versus fre-
quency as of November 1970.

If oscillation or useful gain above 1 GHz is taken as the criterion
for microwave operation, the germanium mesas and microalloy
transistors of the 1958-1959 era were the first microwave transistors.
The advantages of germanium over silicon as a semiconductor ma-
terial, however, remained largely theoretical, and by 1963 silicon
microwave transistors were beginning to become competitive. From
the point of view of the user, the relative ruggedness of the silicon
transistor was decisive and the phaseout of germanium was begun.

Reprinted from Proc. IEEE, vol. 59, pp. 1163-1181, Aug. 1971.
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Fig. 1. Noise figure and power output of microwave transistors,

November 1970.

Today a few germanium, L-band, planar transistors are still in use,

but their numbers are decreasing rapidly. One very important reason

for the demise of the high-frequency germanium transistor is that

germanium does not have a natural passive oxide. For this reason,

germanium planar transistors use silicon oxide as the passivating
. agent.

This paper will attempt to give a broad picture of the theory, con-
struction, and testing of microwave transistors. The details of some
areas which are largely descriptive (such as power transistor design)
will be discussed only from the basic theoretical point of view. Where
processes or theory are common to low-frequency transistors, only
a brief mention will be given.

~ The Introduction will be completed with a brief description of
the general structure of microwave transistors.

All microwave transistors are now planar in form and almost all
are silicon n-p-n. The geometry falls into three general types (Fig. 2):
1) interdigitated. for small signal and power: 2) overlay. for power
only; and 3) mesh (also called “matrix™ and “emitter grid™), for
power only. Several analyses [1] have been made comparing these
three structures on an idealized basis; the conclusions reached tend
to become less clear when practical devices are considered. It can be
shown, however, that where one structure displays a definite superi-
ority in some respect, it is achieved at the expense of a degradation
of one or more other parameters. This is particularly true with re-
spect to capacitance. where reduced Cyg is obtained at the expense
of high MOS capacitance. etc.

It appears now that the overlay and mesh structures are begin-
ning to dominate the VHF-UHF power device market while the
interdigitated transistor is still the best structure for S- and C-band
small-signal applications.

Most power transistors now include some form of integral
emitter resistors to aid in equalizing the current distribution over the
larger area which a power device must cover. The overlay transistor
uses an integral diffused resistor as part of the emitter itself, while
the interdigitated generally use thin-film resistors asa part of the con-
tact system. Mesh devices [1]. [2] have been constructed using both
techniques. Some carlier devices used separate diffused resistors
mounted on the package.

The use of silicon nitride as an additional passivating agent is fast
becoming universal. It has a particular value in microwave transis-
‘tors where the junctions are extremely shallow and thus highly sus-
ceptible to contamination.
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Fig. 2. Three general types of microwave transistor geometry.

Silicon nitride is a superior passivating agent (compared to
silicon dioxide). although it cannot be placed directly over a bipolar
transistor junction. A thin layer of SiO, is usually placed between it
and the silicon. Since it is not etched at the same rate as SiO; by
hydrofluoric acid etches, it has some advantages as a secondary
mask. Junctions passivated with it have a lower failure rate and can
operate at a higher temperature.

The current carrying capability of a transistor is proportional
1o the emitter periphery, base resistance is inversely proportional to
the emitter width, and /7 (at lower currents) is inversely proportional
io the emitter area. Thus a good microwave transistor has a very
narrow emitter (e.g. =~ 1.0 ym, for state of the art). To keep the
length to a practical size. the device is broken up into emitter “'sites.”
These sites may be grouped together (overlay) or simply connected
in parallel (interdigitated). Some of the more sophisticated mesh
and interdigitated types for high power also group the emitters into
secondary sites.

II. TRANSISTOR THEORY

A. Performance

1) Gain: In this section the theory of transistor action. insofar as
the high-frequency characteristics are concerned. will be reviewed.
Appropriate equations will be used where required. but proofs and
developments will be shortened or presented by reference only.

A good microwave transistor must, first of all. be a good dc
transistor. Most of the requirements for good dc operation can be
satisfied independently of the high-frequency requirenents and
where exceptions occur, such as the effect of a drift ficld on the dc
current gain, these will be mentioned.

Before discussing gain, it should be pointed out that there are
scveral definitions of gain which are uscful for transistor charac-



terization. Maximum available gain (MAG), G.,. is obtzined when
both input and output are simultaneously conjugately matched.
G.... £xists only when the device is unconditionally stable. Unilateral
gain, or U [3]. is obtained when a device is unilateralized with a loss-
- less network and matched at both ports. U is the same common base,
common collector or common emitter. In the microwave region, U
is 1-3 dB higher than G,,,. common emitter, for a typical small-
signal transistor. Both G,,,, and U are often defined in terms of /.,
and both should drop to unity at about that frequency. Since com-
mon-emitler microwave transistors may have power gain with no
impedance transformation, they can have useful gain when inserted
directly into a 50-02 system. This gain is identical to |S;,|*.
The general form for the gain as a function of frequency is

G

G(f) = °f oy m

1+ G}
[* (f ]

When G3(f/fonl)*>>1, G=x(f,../f)* and gain falls at 6 dB per
octave. The gain function is actually discontinuous, and there are

regions of potential instability where gain is undefined. Fig. 3 shows -

these regions for the common-base and common-emitter con-
figurations.

Equation (1) shows that f,,, is a suitable frequency for defining
microwave gain and it is useful, then, to examine f,, and the
parameters that govern it.

If feedback is considered negligible (or neutralized by a lossless
network). a common-emitter transistor can be considered as having
the following simplified parameters:

1
Re(ykl) = 7
»

Re(Y,) ~ wrCe
current gain

w
Ihlr =

The equivalent circuit of Fig. 4 depicl.s how the parameters fit into a
simplified high-frequency equivalent circuit.
The gain of this two-port at w is

e

Gn :
4(01’ Cc

@

At f,.. the gain G will have dropped to one, and

fr

. 3
8nr,Cc o)

f"l z

. A more practical expression is

’fr in GHz
=63 [——m
Jomoms = (nCc)in Ps

This is an approximate expression based on a simplified model: a
later section on modeling will present a more accurate model. Note
the three critical parameters, fr, 7}, and Cc.

2) Noise Figure: In addition to having gain, small-signal tran-
sistors are usually required 1o have & low enough noise figure to
meel certain systems requirements. The noise figure is simply a mea-
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Fig. 4. Simplified equivalent circuit of a transistor for gain calculations.

Re(Y,,)=1/r, and Re(},,) = wsCe.
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Fig. 5. Common-base transistor noise equivalent circuit.

sure of the degradation in the signal-to-noise ratio that a signal
undergoes when passing through a signal processing element, such
as a transistor amplifier.

signal-to-noise ratio at input
signal-to-noise ratio at output

Noise figure F =

It will be convenient here, as in the previous section on gain, to
present a simplified model in order to develop an expression for noise
figure. A number of papers have been written on the noise figure of
transistors but Nielsen's [4] was the first 1o present it in terms of
generally known transistor parameters. Cooke [5] manipulated
Nielsen's equations 1o give a version which uses more accessible
parameters. Fukui's paper [6] presents an exhaustive investigation
into transistor noise figure including parasitics.

Fig. § is a simplificd noise model of a common-base amplifier.
The common-cmitter amplifier can be treated in the same mannet,
but the result is the same, and the calculations are more tedious.
Fig. 5 shows that in the microwave region the transistor has three
principal sources of noise.

a) Shot noise in the emister:

& =2l Af = %TgAf. )



b) Shot noise in the collector:

£ =2lAf. )
¢) Thermal noise in the base resistance:
' & = &TrAS. ©)

Terms a) and b) are correlated by alpha.
Using the Cooke method (5}, the noise figure can be shown to be

as follows :
R . s % I
o .(_'i_’”—_")_ (L + L +=1-
2a4r,R, KF, heg 1g
This has the general form

o)

where f, and F, are as defined in Fig. 6.

The factor K that appears in (7) needs some explanation. Actual-
ly, noise figure depends upon f, and not f;. The reason for this is
that noise voltages and currents appear simply as magnitudes in
noise calculations. The frequency f; determines gain and differs from
J, primarily because of the relatively large phase shift in h,, com-
pared to a. By definition, then, the factor X is

e

T

L

1+
R, 2R,

F=

(8)

©®)

The value of K depends upon the magnitude of the drift field in the
base of the transistor, and is explained in detail in the section on
characteristic frequencies. For most silicon transistors, K =1.2.

Equation (7) does not include the effect of 1/f noise nor does it
include the effect of parasitics, such as feedback capacity. Feedback
capacity can reduce noise figure (as in the common-emitter connec-
tion) but gain is also reduced and the noise measure M* remains the
same.

The importance of the dc common-emitter gain (h;;) in noise
figure (7) is often overlooked. For example, to obtain a noise figure
of 1 dB or less at a frequency where

Vil 'y 1
(Kr, g
hgg must be greater than 100 for a typical transistor operated from

a realistic source resistance. For modern planar devices, the shot
noise from I, is very small, and this term is often left out of (7).

B. Frequency Variation of Current Gain

I) Characteristic Frequencies: In the previous section it was
pointed out that performance (i.c., gain and noise figure) both vary
in the microwave region. This variation is due to the frequency de-
pendence of a number of clements in the transistor. These in turn
can best be characterized in terms of a number of characteristic or
*cutoff”” frequencies.

The gain of a common-cmitter bipolar transistor is constant up

' Noise measure is defined as

M = G(F - WG - 1). (10)

M was brought into use as a noisc parameter since noise figurc alone is a
Poor figure of merit in low-gain systems [7]. A somewhat more uscful version
of (10) is the noise figure of an infinite cascade of identical stuges designated
asF_,

FomM4+ 1 =F+(F=-1DIG -1 ()
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Fig. 6. Noise figure versus frequency.
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Fig. 7. One-dimensional view of a junction transistor.

to a “lower critical frequency™ where it becomes conditionally stable.
As frequency is further increased, it will become stable again at ap-
proximately 0.1 /7, and from there on the gain will continue to fall at
approximately 6 dB per octave. For the gain to fall at exactly 6 dB
per octave, the falloff in current gain would have to be the only fre-
quency-dependent element in the transistor. This is not necessarily
true. Near the limit of a transistor’s usefulness where the gain is very
low, gain may fall at less than 6 dB per octave due to capacitive feed-
through, or more due to other frequency-dependent elements.

The microwave range is in the 6-dB-per-octave region, and it is
this frequency dependence that will now be examined. If a signal is
put into the base or the emitter and taken out of the collector. it will
encounter four successive principal regions of delay or attenuation.
Fig. 7 shows these regions in a simplified cross-sectional view of a
transistor. Since all silicon microwave transistors are presently
n-p-n, the transistor is shown as such. Following the transit of car-
riers from the emitter we have, successively, the following.

1) The emitter-base transition capacity Cyg shunts the active
emitter region.

2) Carriers must next cross the base region W through a com-
bination of diffusion and electric field. During this transition the
identity of a group of carriers will be lost and the signal attenuated.

3) Carriers next cross the collector depletion layer, X,  wide,
under the influence of an electnic field (no diffusion).

4) If there is any appreciable resistance between the collector
depletion-layer and the external collector terminal, a final RC delay
is encountered.

Each of these elements can be regarded as a time delay.

T =T, +7,+17,+ 1. (12)
total transit time emitter to collector

cmitter-base junction capacity charging time _

base transit time

collector dcplction-layer transit time

collector-capacitance resistance charging time.

f.
r'
LY
Tq
t"

The time constants can be more conveniently expressed in terms

n
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Fig. 8. Equivalent circuit of emitter-base junction.
of characteristic frequencies, as will be seen from the discussion that
follows. Therefore, let

1

T=—

w

(13)

Anticipating the following sections slightly we then obtain

1 1 1 1 1
—_—=—t—+—+—
wr W, 0 W o
The frequency wy = 21 f; is the most important parameter in a high-
frequency transistor since it dominates both the gain and the noise
performance (refer to Section I). Each of these characteristic fre-
quencies will now be discussed. §

a) The emitter-base junction cutoff frequency: When a transistor
is operated in the normal mode, the emitter-base junction is in
forward bias. The junction has a finite capacity associated with it as
well as a resistance as shown in Fig. 8.

If a terminal emitter current i,, flows into the emitter terminal,
it will divide between the capacitance Cyy and the resistance r,.
However, only the current that flows through r, (sometimes called
the space-charge resistance) gets injected into the base and is ampli-
fied. Thus the current in Cy is a true parasitic. This is a simple RC-
type cutoff so that

" 1+ J"D’.Cﬂ:. =

i, =
The emitter current can now be normalized to the terminal cur-

rent and called the high-frequency emitter injection efficiency y,,.

Assuming that yo =1, at a cutoff frequency we shall define as w,,

bad _ /2. a6
Yo 2
Thus from (15), (16)
1 !
I, =r,Crs. (17)

Equation (17) is valid for large devices but not for small-signal
types intended for the gigahertz range. The collector capacitance
C 7 must also be charged as well as some of the other miscellaneous
capacitances such as those in the package. Therefore, (17) should be
modified to give
o =r(Cyg + Crc + Cx) (17a)
w, -

b) Base transit characteristic frequency: The time for carriers to
cross the base region is obtained by solving the transport equations
[8). [9). The solution is generally given in terms of £°, called the

J—

(14)

base-transport factor. It is the ratio of current at the collector edge
of the base 10 that at the emitter edge. B* is complex since the carriers
undergo a phase shift as well as a reduction in amplitude as they cross -
the base region.

If the carriers are first assumed to cross the base by diffusion
alone, then

w
B = wch[z-(l + )'M.)‘] (18)

where 1, = lifetime for minority carriers in the base. At low frequen-
cies, wty<< 1 and

w
B* = s = sech (T) (19)
B3 can be written as a truncated power series
~ ] l(W)’ e (20
Asl=a)* )

but (W/L)? must be much less than 1 for the transistor to be uscful.
Therefore, 3= 1.

We now wish to obtain a suitable cutoff frequency. The frequency
at which |8*| is 3 dB below its low-frequency value (which is =1) is
designated as w,. Thus the magnitude of (18) must be obtained and
set equal 10 ,/2/2 and solved for w.

Before doing this is will be useful to make a slight transformation
of the imaginary term in (18). The transit time across the base, 1,
can be written in terms of base width and diffusion constant:

WZ

ty=—-

21
D .‘)

However, D is by definition

r
Do
- t'

(22)

Thus in (18) the imaginary (or frequency-dependent) term is jowt,,
where :

Wl

Iy =— (23)
or
2
l. = Ft' (24)
Equation (18) then becomes
w 2
et [(2) 4 o0] e

Equation (25) is then evaluated using a hyperbolic secant series
to obtain w,t, when |*|=./2/2. Using Pritchard’s result [8], we
obtain

wyty = 243, (26)
Substituting (24) into (26) gives
i @
or
1 w3
w, 243D 4



The frequency w, is the frequency where the magnitude of the
besc transport factor is down 3 dB from its low-frequency value. If
nay=1,itisalso approximately equal to w,, the frequency where the
common-base current gain is down 3 dB from its low-frequency
value. w, is identical to w,;, the intrinsic (base only) cutoff frequency.
A pumber of expressions for the frequency response of a transistor
are written in terms of a characteristic frequency designated by wy.
It is by definition

1 " w? 9
w, 2D
Then
o, = 12 w,. (30)

There has been some confusion resulting from the similarity
between (28) and (29), particularly since the solution of (25) using a
hyperbolic cosine can lead to a factor of 2 instead of 2.43.

Equation (28) describes the cutoff frequency of the base trans-
port factor for a transistor where the minority carriers move through
the base by diffusion only. Carriers also can be caused to drift in the
presence of an electric field, and even more important by a combina-
tion of field and diffusion [11]. The electric field in conventional
planar transistors? is obtained through a grading of the impurities in
the base [12], [13],1.¢.,

kT 1 dN(X)

"I N® X 61

An exponential distribution is a good approximation for N(X)
for diffused bases. The magnitude of the field obtained is then defined

by a field factor n

(32

n can also be defined in terms of the electric field and the base width
normalized to kT/q: ;

_cW
T kT
q

(33)

n can assume values of n=0 (i.e, no ficld) to n=9. The maximum
value is set by other considerations in transistor design [13]). The
effect of the electric field in reducing the transit time and raising the
cutoff frequencies is described in a classic paper by Te Winkel [15].
This paper was written before the parameter f; came into common
usage, but it is quite apparent that fr, as a new parameter, simplifies
calculations a great deal.

The frequency? wy; is greater than w, when a drift field is present,
and can be defined in terms of pand w,.

o= el

which is useful for all but small values of n.

39

2 This is not the only means of obtaining an aiding ficld in the base of a
transistor. Long reported using a scparate base elecirode which was biased
to produce an aiding field in the base of a transverse transistor [30).

? The frequency wy, refers to the internal base characteristics, while @,
is used to describe the terminal properties and may include the effect of other
frequency-sensitive elements. If ¢, = 1, + t,, then oy is relaied 0 wy, by

1 1

— FrCyg + —
-y o> TE -y

(34)

DRIFT FIELD CONSTANT, 7}

Fig. 9. Effect of drift field on characteristic frequencies.

The frequency w,; has other interesting properties ; at w=wy,,
the magnitude of the internal common-emitter current gain= 1. The
The presence of an aiding field affects the various cutoff frequencies
as shown in Fig. 9. Note that w, and w, are more affected by the drift
field than is wy;. The frequency wi, is identical to w, of Te Winkel
[15]. Today w, is usually used to designate the frequency where the
terminal value of h,, has dropped to one. It is usually higher than
Te Winkel's because of capacitive feedthrough.

Since the presence of the drift field increases w, more than wy;,
the ratio of w,/wy; also changes with n, i.e.,

. = (1.21 + 0.097)wy;. (36)
Fig. 9 also shows the ratio of w./wy; as a function of n.

The frequency w, was at one time regarded as the principal high-
frequency parameter. Since common-base operation was the only
mode possible, this made some sense. Today, however, common-
base operation is seldom used and wy is the dominant parameter. In
fact, w, is only relevant as it applies to noise figure (refer to Section
I1-A).

A number of papers define 1, (12) as 1/w, and w,=w,. It is
actually more rigorous to use w, instead of w,, since this is the actual
cutoff frequency rather than a mathematically convenient time con-
stant. Thus for a transistor with no drift field

1 w? 37
e 2AID.
and for a transistor with a field [15]
1 w3
T, = (37a)

or  2D(08 + 0.467)

¢) Collector depletion-layer transit time and characteristic fre-
quency: The collector junction is operated in reverse bias when the
transistor is normally used as an amplifier. Power devices can be
driven into saturation (collector junction in forward bias) but the
effect is unfortunate rather than planned. Because the junction is in
reverse bias, there is a well-defined depletion layer, X, wide. Al-
though the junction is formed by diffusion in most microwave tran-
sistors, it has been found that the step-junction equations still apply
and are simpler to usc than those for graded junctions; therefore,

in general,

2ezoV + ¢)

X = [——— (38)

gN
or for silicon,



(39)

V+
X = 364 10’[ ¢
N
For example, a typical silicon microwave transistor built on
581 -cm (e, N=1.0x 10'®) epitaxial material, and operated at 10
V, will have a depletion-layer width of about 3.6 um. The field is then

10.7

In spite of this very high field. carriers do not move through the
depletion layer at the speed of light. At fields in the order of 1 x 10®
V/m, the velocity in silicon saturates due to scattering effects at
Vs =8 x 10* m/s. The transit time across the depletion layer then
becomes

(40)

X,
Te = —-
s

The velocity }g, is much greater than the equivalent velocity
of carriers crossing the base region, and the time delay is insignificant
in low-frequency devices. However, in microwave transistors,
X,>> W as a result, for state-of-the-art devices, .

T = Tp-

The expression given in (40) is not correct if the sinusoidal re-
sponse of the depletion layer is required. To obtain this, Pritchard
[8] defines a new parameter §,,, the depletion-layer transport factor,
by

_ current leaving the depletion layer

: z s 41
current entering the depletion layer )

With the assumption that the collector multiplication is zero, the
sinusoidal response is [8]

1
=l1l-jo=|
-x[1-50%]

Since the depletion-layer transit time is a simple delay, it affects
the transistor parameters by changing the transfer admittance Y,,
10 B,.Y,,. If the Y matrix is then evaluated for h,,,, it will be found
that the denominator contains the term 1,./2 in addition to 1/w,
and the emitter-base charging time. We may then define w, as

(42)

1 X,
P 1 o
also
V\#
x,-k(x)
so that
+

Early obtained the same rcsults as (43) from a similar calculation
[16]).

d) Collector RC cutoff frequency: When transistors were first
made. the substrate material was of a single resistivity. Thus to ob-
tain reasonable breakdown voltages it was necessary that the entire
substrate be in the order of 1-10Q - cm. As a result, there was a large
high-resistivity region in the collector not covered by the collector
depletion layer. The high-frequency resistance of this region is desig-
nated as r;. If a current is to flow out of the collector terminal, the

74

collector capacitance must be charged through r,. This leads toa
simple RC-type cutoff; thus

"_—" 1 ' !
I jor,C, 44
€ l+)u’: (o l+j£ ( )
where
1
= 45
a2 s
then
1
L rCe. (46)

Present-day microwave transistors are fabricated using a thin
high-resistivity epitaxial layer on a lower resistivity substrate. In
the structure. 1, is usually negligible compared to the other three
time constants in the transistor.

e) Summary: With the results obtained in the foregoing sec-
tions, we may now rewrite (14), using (17a), (37), (43), and (46)
Common-emitter operation is also assumed.

For n=0 (no field),

1 w?

w—r-'(crs'*'cc“’ C")+243D W +'Cc 47)

Or if a drift field is present and > 2.5,
1 2 3
—_— —_— + r'C 48
. Mo Lot Gl e i zv Sems

Table I summarizes the various characteristic frequencies dis-
cussed and how they are interrelated.

2) Behavior of Current Gain: The previous section develops
certain characteristic frequencies that are related to the frequency
limitations on current flow in the transistor. To complete the picture
on active parameters, these frequencies will now be used to set up
expressions for the current gain of the transistor.

The common-emitter current gain h,, is the most important
current gain parameter. It is intuitively easier, however, to first relate
a to the characteristic frequencies already discussed. From a the
common-cmitter current gain can be derived. The parameter a is
simply the ratio of the current leaving the collector to that entering
the emitter:

a = yp*B.. (49)

The emitter efficiency, like the base transport factor, bas a low-
frequency limiting value and a frequency-dependent term as well.

1

R
142

Ry,
At high frequencies, y, is reduced by the emitter transition capac-
itance.

(50)

Yo =

Ly, B
1+ ].(W,Crg

Equation (51) is actually a restatement of (15) in a slightly different
form.

The base transport factor f* (sometimes called the internal a)
has alrcady been discussed from the point of view of establishing its
critical frequencies. The exact expression for a or f° is long (see

Yy = (51



TABLE |

2D
Equation (1): e a characteristic frequency
'appearing in the solution of
the transport equations
Equation (2a): ®, =Ko, frequency where g* is /22
of the low-frequency value
g 243D
gauation (3by; T T NETTN diffusion only, no drift
: field
il $92(1.21 +0.099)
gquation (20): T T yoTae general case where drift
field is present
120, Sw, $8.10w,
Equation (3): w,=w, frequency where |aj is \/2/2
of the low-frequency value,
assuming y=1
Equation (4a): w,=1.2 w, no drift field

$72(1.21 +0.097)

w, =W,

Equation (4b): n-14+e™" general case; see (2b) with
drift field
Wy; = AoWo
Equation (5a): = w, frequency where |h,,| is
1.0; diffusion only, no drift
field
NS | S
Equation (5b): W et general case with drift field

general case, including drift

w,=w,=(1.21 +0.09nwy
ficld

Equation (6a):

Equation (6b): diffusion only. no drift field

w,=w,=12] wy;

Approximation ! w,=wg only valid when n =0

only valid when n>2

Approximation 2:  w,=nw,

Wy = we(0.8 +0.467n) only valid when n>2.5

Approximation 3:
2D
- Wi (0.8 +0.46n)

[15])and too complex to give any insight into its behavior. A simpler
approximation is given as

o exp [ —(0.22 + 0.098n)] wﬂ
= (52)

. =

Bt =a;= e =

+J o,

Since -, and w, are essentially identical, w, could also be used

in (52). The term in the parenthesis on the right side of the equation

is the so-called “‘excess phase™ term and accounts for the additional

phase shift caused by the field, if present. 1f no drift field is present,
n=0and

w
—j0.22—
%CXP[ J w]

a0 = e (53)

1+j—

w.

The common-emitter current gain® hy, is
o
h, =
e l—a (54)
Also, from [15),
i’ "

hyo o —hseo (55)

* The use of § for A, is avoided because # was used for the base transport

[*nl

'
FREQUENCY < 4

Fig. 10. Plot of |k, versus frequency.

which also can be written

h!ro
h,' [ —LL S
1+ jh .-o(—)
! wWri

Equation (55) shows how the drift field influences hy.. while (56)
includes the effect by using wy; as a frequency parameter. The
magnitude of (56) is also useful.

(56)

hreo

'hfll =5 FRTE
o]
wri

Fig. 10 is a plot of (57). If (57) is solved for the frequency where
|h sl = (hseol/2/2 (which is called w,,). we obtain

(57)

wr
e Y
hieo

(58)

Wee

It is interesting to note at this point that the presence of a drift field
multiplies both wy; and h,,, by the same factor, thus the 3-dB cut-
off frequency w,, is independent of the drift field [15].

Equations (56) and (57) can also be used with wy as well as with
wyy. If (57) is set equal 1o one and solved for w. it will be found that
o equals wy;. The terminal value of hy, is altered by the effect of
collector capacity and other parasitics as well, and will usually drop
to one at a somewhat higher frequency. This frequency has now

" been designated as w, . the frequency where the terminal magnitude

of h;, actually becomes one. The same standard [17] also sets f7 as
the frequency where the extrapolated value of |, /=1, with the
requirement that the extrapolation is made from the region where
lhy is falling at 6 dB per octave.

C. Parasitics

I) Base Resistance: The active or intrinsic transistor is confined
to a small region under the emitter and extending across the base to
the collector. It is customary to designate the intrinsic base as b’ to
differentiate from the external base 5. The intrinsic base is a physic-
ally inaccessible region and cannot be contacted directly. As a result,
there is a volume of resistive basc material between the intrinsic base
and the so-called base contact in a planar transistor (Fig. 11).

The current that flows in the base consises of 1) the a, or active
current, which flows by diffusion. field. or a combination of the two:
and 2) the (1 —a) or “‘defect™ current. The latter is a drift current
and therefore atienuated by resistive Josses.

Base resistance causes several undesirable effects:
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Fig. 11. Cross section of a planar transistor showing r, and capacitance.
1, 2, and 3 are parts of r;. and 4 is R, (contact resistance).

1) attenuation or loss signal in the base lead;

2) de-biasing of the region under the emitter (for example, the
majority. or (1 —a) current in an n-p-n transistor, biases the
edges of the emitter positively with respect to the center of
the emitter. causing the minority carriers (electrons) to con-
centrate near the edge; this also can be regarded as a form of
feedback);

3) increased noise figure;

4) miscellaneous low-frequency effects, such as increase in
saturated collector resistance, etc.

Because base resistance is a distributed and not a lumped resis-
tance. it has been called the base “'spreading ™ resistance. In a plapar
transistor. base resistance is really part of an RC transmission line.
Fig. 1} shows a cross section of a modern microwave transistor, in-
dicating that r, may be broken down into the following four regions:

1) base resistance under the emitter; .

2) base resistance between the emitter and the p* region;
3) base resistance in the p* region itself;

4) contact resistance between the metal and the p* region.

Contact resistance is not properly a part of r}. but from a circuit
viewpoint, the effects on gain and noise are similar. Reference [18]
shows how complex an equivalent circuit for the base region can be.

In early low-frequency devices. the capacitive reactances shunt-
ing r;, were relatively high and r} was regarded as a frequency-inde-
pendent element. This is not so in microwave transistors and certain
other special types® where 7} decreases with frequency due to capaci-
tive shunting.

The calculation of base resistance from geometry is fairly
straightforward if the resistivity and mobility are assumed constant
throughout the base region under the emitter. When the impurity
distribution is known, such as complementary error function, ex-
ponential, linear grade, or hyperbolic. the base sheet resistance can
be caiculated, and hence the base resistance [12]):

1 w
== q,.j NX)dx (59)

$ The 2N929-930 type has an extremely lightly doped base region to
enhance A, Base resistance is 750-1000 Q at dc and about 200 Q at 200 MHz.

and

Ry

T w

’

LY (60)

The calculation of r; for more complex elements is given by
Phillips [9). A simple outline for estimating the low-frequency value
of r; in a planar transistor is given here. (Refer to Fig. 11.)

i . [ Rpp: Sy
. th tter: = ’
ry, under the emitter Bwi 21
' . .. P28 RppS,
r;» between the emitter-and p :z—w—;’ . gy

e o £3Ss - Rpp3Ss
;3 in the p .Ew—,lz—iﬂ—.
1

Total r} = [ri, + ria + s + RJ-

number of emitters

S,, S,. and S, are widths of the emitter, emitter-to-p* space, and the
p* opening, respectively, as shown in Fig. 11.

Ordinarily mobility [u in (59)] is considered constant in making
an estimate of 7;. Irwin has published graphs of the resistivity of
diffused layers where mobility is changing with depth {19]. His
curves cover coerror functions and hyperbolic distributions in
silicon.

Some recent data seem to indicate that very shallow junctions do
not follow accurately in any of the impurity distributions usually de-
scribed in the literature. The estimate of rj obtained as shown in Fig. -
11 is still of considerable value in the design of a microwave transis-
tor.

2) Capacitance : As would be expected, the internal capacitances
of a transistor play an important role in the frequency response of
the device as an amplifier. Extrinsic capacitances, such as those in
the bonding pads and package, also affect performance. Thosein the
device itself will be considered first.

The active portion-of a transistor has two types of capacitance,
transition and diffusion, both of which are associated with the two
junctions.

a) Emitter-base junction capacitance :

1) Transition capacitance Cy, arises from the fact that the
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emitter has a finite area and 2 depletion layer. Since the silicon tran-
sistor junction is formed by diffusion and graded to some dcgree. it
ghows a 1/3-power voltage dependence when measured under re-
verse bias conditions. However, the emitter-base junction is norm-
ally operated in forward bias. and under this condition the step- (or
1/2-power) junction equations apply. The step-junction equation is
simpler to handle:

e20qN g
Crp = Ayl —/—/— 61
™ L[z(“ e (61)
or for silicon
N 4
Crg = Ag x 412 x 10° ——"—) . 62
TE £ X x (V+¢ (62)

For a typical silicon microwave transistor the contact potential ¢ is
approximately 0.7 V. The applied voltage V is positive when the
device is in forward bias. In other words, forward bias reduces the
total voltage and increases Cg.

If, for design purposes, it is desired that C,; be reduced. only the
emitter area Ay can be changed without significantly affecting the
other parameters. The relative dielectric constant ¢ is set by the
material used and Ny is usually determined by other considerations,
such as r, and h,. Occasionally Ngg can be reduced to reduce Crg
provided the emitter width is also narrowed to keep r, from in-
creasing.

Since Cyg is shunted by r,, the space-charge resistance of the
emitter, and Cp;, the diffusion capacitance, it cannot be measured
directly under forward bias. It is usually irferred from a plot of
1/I¢ versus 1/f7 (refer to measurements).

2) Regarding the diffusion capacitance Cpg, when an ac voltage
is applied to the forward biased emitter—base junction. the injected
charge in the base is modulated. This change in charge with voltage
defines a capacitance Cpy:

Cpe=——— 1 (63)

This equation can be manipulated to give Cpp in terms of base width
and the diffusion constant:

1/w?
o =3(55.)
. DE 2D,

The expression in the parenthesis has the dimensions of 1/w and is
characteristic base frequency. as defined in the section on char-
acteristic frequencies. Therefore,

(64)

(69

.which is correct for a transistor where the carrier is moved by dif-
fusion only. In the case where there is a drift field, r; must be sub-
stituted for w,:

1

. 65a
T Wry )

Coe =

Since wy;> wy,. it can be said that drift field reduces Cp; in the same
proportion that it increases wy, over w,. At medium and higher
currents, Cp tends to mask out Cyy because Cpp varies directly
with emitter current (64).

b) Collector-base junction capacitance: In this section it will be

necessary to refer to the physical cross section of a planar transistor
(Fig. 11) in order to difTerentiate the various capacitances. The base
consists of three major regions: one under the emitter, one between
the base and p*, and one associated with the p* itself. The capac-

7

itances associated with these regions where they form a junction
with a collector are in the form of an RC transmission linc. A
rigorously accurate representation of this region can result in a very
complex equivalent circuit [18). For the purposes of this paper, two
or three regions will be sufficient. The part under the emitter is most
important and it is C, (Fig. 11) that should be used in (2) in the
expression for gain. Often the collector capacitance is arbitrarily
divided into an inner and an outer region designated as Cc; and
Cco where Cey=C, and Co=C,+C;.

As in the emitter-base junction there is both a transition ca-
pacity and a diffusion capacity associated with the junction. For col-
lector diffusion capacity to be present. the base width must modulate
with changes in collector voltage. Diffusion capacity is significant in
alloy transistors where the collector is metallic, and the depletion
layer lies almost entirely in the base region. The situation is quite
different in a silicon microwave transistor where N> N¢. Hence,
the depletion layer lies almost entirely in the collector epitaxial
region and the base width does not change significantly with col-
lector voltage except near saturation conditions [20], [21].

The total value of Cyc for a silicon transistor can be written as

N N
CTCL“ = _: ¢> (66)

where N, is the impurity density in the collector epitaxial region.
Epitaxial material is generally specified in terms of resistivity p
rather than impurity density. The relationship between p and A is

3
A, _:4.12 x 10 )(V

.

p B ecem—

guN’

Mobility u is fairly constant for values of p between 1 and 10Q - cm.
Then for n-type silicon,

(67)

5.1 x 10*3
- 68
p = (68)
which can be substituted in (66) to give
Az x 294 x 101
‘Cre total = =22 « - . (66a)

[tV + )]}

An estimate of the fractional values for the various portions of
Crc(ie., G, C;, and C; in Fig. 11) is made by taking proportions by
area. The value of C, is 20 to 25 percent of the C total as shown in
the figure. In the past it was a practice to measure the collector base
time constant 7,C¢; and r}; and from these two measurements a
value of C, could be inferred. For the older mesa transistor this
was reasonably accurate, but now the collector base time constant
itself is complex (see measurements and modeling) and this method
is no longer valid. Also, the fact that at low frequencies Im (Y..f)
=jwC¢, and.Im (h,3,)=ja{Cco+ Cc,) can be used to separate C¢
into its components.

Fig. 11 also shows the bonding pad used to connect the base of
the transistor to the outside world. It forms a capacitance with the
collector region which lies underneath it. The dielectric in this case
is silicon dioxide, silicon nitride. or a combination of the two. Also
the oxide 'may be a combination of grown and deposited material.
The dielectric constant will vary then with the type of dielectric and
how it was treated after it was formed. The thickness.of this layer is
usually not very great. in the order of 2000 to 10 000 A. ltis also the
practice to minimize the pad area in order to keep down the pad
capacitance. A typical value for pad capacitance is in the order of

- 0.05-0.1 pF/mil3.

The pad and package capacitances lic outside of any significant
loss resistance and therefore affect bandwidth but not the intrinsic



device pain. ~Extrinsic” capacitances such as those between collector
and hasc do reduce common-cmitter gain, but theoretically can be
neutralized. However, wide-band neutralization at microwave fre-
quencies is very difficult, and good transistor design will be such as
to minimizc bonding pad and other parasitic capacitance.

D. Transistor Modeling

This section will briefly describe equivalent circuits or models as
applicd 1o microwave transistors. In general, models tend to fall
into three categories: device. measurement. or circuit oriented.
The parameters derived from these models are often similar, and
certain figures of merit such as the maximum stable gain have exact
counterparts in the different systems.

Fig. 12(a) 1s an example of a device-oriented model because most
of its elements have direct physical counterparts in the real transis-
tor. The frequency dependence of this model, except for the effect of
Cyg. is implied in the expression that must be used for the a current
gencrator. While not shown in this figure, the addition of direct
capacitances between all three terminals and inductances would
improve the accuracy somewhat.

The T equivalent model is particularly useful because it can be
used for noise calculations by simply adding the appropriate noise
voltage or current generators (refer to Fig. 5).

Another approach to this type of model is the hybrid n shown in
Fig. 12(b). The frequency dependence of the output current generator
is eliminated by adding the diffusion capacity to the emitter-base
emittance, where

1

Wrir,

Cpr -

£

Note that this is a common-emitter circuit and consequently r, is
divided by (1 —2,). This model readily yields the usual approxima-
tions to the h parameters (8], [9]. For example, at low frequencies

Te

hyye=r + i (69)
and therefore, if ag=1,
h11:5"+hfco’c (70)
or at high frequencies, when Cpp>> Cyy,
1
hyse=n +
1—a (]
+
Fe . =~Opke
and if (1 —ag) << w/wy,,
hod =r+ @) (1)
AS w

A measurement-onented model is usually based on considera-

hons of accuracy and ease of measurement at a particular band of
Irequencies. As the transistor evolved and became applicable to
hipher and higher frequencies, the system of measurements also
¢hanped. Early transistors were usually characterized by the hybrid
Prameters: later systems used Y parameters, while today scattering
Pitameiers are most popular. In the microwave range it is difficult
U 1eahize an effective short or open circuit and thus S parameters
::l‘!;‘-'*d on nominal and such easily achievable 1erminations as
] The present popularity in scatiering parameters is also due to
t“;,-'.\-l'_lubility of accurate and easy-10-usc measuring equipment.
;m"‘;":' fh}' scatlering parameters have a direct relationship to per-
‘v 1 a real system. For example, the 500 insertion-power

Fun i 1S, The equivalent circuit [Fig. 12(c)) is very simple.
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(a) T equivalent circuit. (b) Hybrid equivalent circuit. (c) Scattering
parameter equivalent circuit.

Fig. 12.

Parameters a,, b,, etc.. are waves entering or leaving the terminals
and have the dimensions of the square root of power. Several excel-
lent references on the scattering matrix are available [22]. Scatter-
ing parameters are most useful for circuit design but are very poor
as an adjunct to transistor design since they do not relate easily to
intrinsic device parameters. The (ABCD) matrix is a model that is
adapted to the cascading of stages. This is an example of a circuit-
oriented model. The parameters are usually obtained by transforma-
tion from another model, such as the scattering parameters.

III. TRANSISTOR DESIGN AND FABRICATION
This section will describe briefly the most important steps in the
design—fabrication cycle. In order to keep the size of the section
tractable, techniques not specifically characteristic of microwave
transistors will be given only brief mention. Other details like clean-
up procedures will be left out completely. Fig. 13 is an outline
covering the main steps.

A. Selection of Geometry

Within the limitations of a given technology a designer should
attempt to make a device that will meet the exact design goals as
closely as possible. Over design would result in a device that would
be uneconomical and probably unstable at the frequency of applica-
tion. Thus a design using the maximum possible /3 and the minimal
possible geometry should be avoided, except where actually needed
to meet performance goals.

For a power transistor, the objective power, efficiency, and oper-
ating volitage are used to obtain an average current. From this the
emitter periphery can be calculated, using 1.5 mA /mil as a first-order
estimate. Typical emitter widths for competitive devices are ap-
proximately
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Process flow for silicon microwave transistors (simplified).

M is photomasking.

02 mil
0.1 mil

1.0 GHz
1-2 GHz
2-4 GHz 0.07 mil
46 GHz 0.05 mil.

The length-to-width ratio of an emitter should not exceed about
a 20-to-1 ratio to minimize the voltage-drop down the finger. The
physical arrangement of the emitters (i.e.. device aspect ratio) should
be determined from the thermal resistance versus ease of fabrication
considerations. Long devices have lower thermal resistance but also
lower fabrication yields.

A small-signal transistor design will be approached somewhat
differently. Using the noise figure (7) together with an estimate of the
S+, which can be obtained. a value for r, is calculated. The base sheet
resistance required for estimating /7 is usually already known, and
thus r} can be used to obtain an emitter width and spacing (refer to
Section 11-C).

The p* area (Fig. 11) must be determined next. Its width is based
on the contact resistance that is realizable with the metal system to
be used. Contact resistance is usually expressed in Q - cm?. Hooper
et al. [23] published data on contact resistance versus base impurity
concentration for molybdenum. Fujinuma [24] reported values for
platinum silicide somewhat lower than those for molybdenum.

The width of the p* region with a metal system must then be
selected to give a contact resistance at least as low as r, and prefer-
ably lower. A wide p* region lowers contact resistance and makes
photomasking easier, but adds to the transistor collector capacity.

Once the configuration of the p* and emitters has been deter-
mined, the basic geometrical design is set. Contact pads should be
made 1 mil square or even less, when multiple pads must be used to
handle the current. For very small transistors, with active areas less
than 1 square mil. the pads should be less than 0.25 mil®. Pad ca-
pacity is also minimized by using a relatively thick oxide.

B. Material

Because of the very shallow junctions used, the breakdown
voltage of microwave transistors is almost always determined by the
radius of curvature at the edge of the base [25]. This limitation can
be cu'cumvcmed to some degree by including a guard ring as a parn
of the p* structure and driving it in much deeper than the active base
under the emitter. Mesa etching could theoretically provide a usable
increase in breakdown voltage if the edges of the mesa could be
passivated cffectively. Microwave transistors are further limited in
selection of material by the collector capacitance (66) versus deple-
tion-layer transit time (43a) tradeoff. It is usually resolved by taking
the overall required terminal f; and breaking it down into the base
and collector depletion-layer transit times. With the collector-

depletion-layer transit time and the operating voltage known. the
resistivity of the epitaxial layer can be determined. The thickness
of the layer must be somewhat greater than the depletion layer or
Cc will be higher than calculated. A good design will seek a reason-
able proportion between 1, and 1,. An obviously poor design might
have a low base cutoff frequency and a high depletion-layer cutoff
frequency. Such a device’ would have a rclativcly high collector
capacity and a low gain.

If a transistor is to deliver a substantial amount of power, the
resistivity of the epitaxial region must be lower than that for an
equivalent small-signal transistor. Power output is inversely pro-
portional to r, and 1o the resistance of the column of material with a
cross-sectional area equal to the emitter area and length equal to that
of the epitaxial layer thickness,

! A,

Ppox—c
r, "’ip'pi

(72)

Present-day microwave transistors are usually built on 0.25-t0-5-
Q - cm material. Power devices have a p* depth that yields a break-
down voltage in the order of 35 to 50 V. Small-signal transistors
usually have a lower breakdown voltage (=20 V). usually because
of the shallower diffusions used. State-of-the-art high-fr (>7 GHz2)
transistors are built on 0.25-1-Q - cm epitaxial material in order to
keep the collector depletion layer narrow. When this is done, epi-
taxial layer is operated only partially depleted.

C. Base Formation

Following the first oxide, the base area is opened up and de-
posited. After depositing the p* part of the base, the entire base
region can be diffused. The primary base will have a higher (up to
1500 Q/[7) sheet resistance in order to minimize emitter dip effect
(i.c., enhanced diffusion boron under the emitter) and to keep mobil-
ity high.

Alternately, the primary base can be implanted [26], [27), or first
deposited. and then the actual diffusion accomplished through the
bombardment with protons [28].

D. Emitter

Following the base formation, a second oxide is deposited on the
slice. This oxide is generally of the type formed by the thermal de-
composition of a gas or liquid. It is a low-lempernlurs process so as
to minimize the possibility of driving in the base farther. The emitter
is then defined and diffused. Emitter diffusion times tend to be very
short for microwave transistors compared to the hours used for low-
frequency transistors. The temperatures are also low, generally less
than 950°C.
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E. Impurity Profiles

It is useful to plot the concentration of impurities in the wafer as
a function of the distance from the surface. Since the impurities are
introduced from the surface, the concentrations are highest there
(with the exception of the implanted devices). Plots typically show
the concentration at an emitter site, aithough plots can also be made
starting in the p* region. An impurity plot can show the impurity
concentration by type or sign or the net concentration, ie. [Np— N,|.
The net concentration shows which type of impurity predominates,
as well as giving some indication of the base resistance.

Fig. 14(a) is a plot of the impurity concentration versus depth
for an ideal device. and a diffused base with two types of emitters.
To keep the comparison meaningful, the base width W has been
kept constant. The “‘ideal” emitter has a concentration that is con-
stant and close to solid solubility. The ideal base is also rectangular
and extends from X, to X, below the surface. This base is ideal from
the viewpoint of minimizing base resistance only. Some grading
would be useful if f; were the parameter to be optimized.

The boron or base impurities (designated as N,) extend into the
base to where they equal the epitaxial layer impurity level A at the
base depth X,. The base width is in the order of 0.10-0.2 ym for
state-of-the-art devices. ;

The emitter impurities are shown for two types of dopants,
phosphorous and arsenic. Phosphorous usually produces a higher
surface concentration (N at X'=0). but has a much less abrupt pro-
file compared to arsenic. The arsenic profile is best for at least three
reasons. .

1) There is less compensation in the base region, and therefore
ry is lower. Compensation means that where there are equal quanti-
ties of donors and acceptors, the impurities are thus neutralized and
cannot transport current. The shaded area in Fig. 14 is this region.

2) Emitter push effect is eliminated, and narrower bases (higher
f7) are obtainable.

3) In the region of compensation, the base impurities have a
negative grading. i.c., they increase with depth, resulting in a retard-
ing field. It is thought that this retarding field cancels the effect of the
aiding field in the remainder of the base resulting in what is essen-
tially a “diffusion™ transistor. The only silicon transistor that ex-
hibits a net positive drift field also has both an implanted base and
an arsenic emitter [26]. 1t is uncertain at this time which of these was
responsible for the presence of the drift field.

The originally grown junction transistors had the impurities
added during the growing of the crystal. When the diffused base or
mesa transistor first appeared, the doping was added by diffusion,
usually in a quartz tube at an elevated temperature. Now with the
use of an accelerator, impuritiecs may be implanted or caused to
diffuse into the crystal by radiation.

Implantation [Fig. 14(b)] is unique in that it can place the im-
purities so that the peak of the distribution (which is Gaussian) is
below the surface. Because the distribution can be controlled to some
degree by controlling the energy of the ions, a more “rectangular™
profile with lower base resistance and less retarding field can be
obtained. lon implantation, however, has some very serious disad-
vantages.

1) Because the relatively large boron ions damage the crystal
during the radiation process, the slice must be annealed at a tempera-
ture close 10 that at which diffusion occurs. Annealing temperatures
of 600-700°C are typical.”

2) Even after annealing, a relatively large part of the boron im-
purities are tied up in Frenkel pairs, which are inactive and are not
available to carry current. 1

3) When the emitter is diffused, the emitter impurities should
intersect the peak of the base impurities. The emitter diffusion is very
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Fig. 14. (a) Comparison of arsenic and boron emitter profiles. (b) Compari-
son of impurity profiles obtained by ion implantation and proton en-
hanced diffusion.

critical since diffusions too shallow or too deep can result in no
transistor action at all.

Proton enhanced diffusion (PED) appears to offer some advan-
tages over both diffusion and ion implantation. PED uses the rela-
tively small nuclei of the hydrogen atom to generate vacancies in the
crystal. The process includes deposition of the impurity (c.g., boron)
on the surface of the slice followed by bombardment with protons
at a temperature in the 400-700°C range. The boron atoms quickly
diffuse into the crystal to a depth accurately determined by the
energy of the protons. Fig. 14(b) indicates that the diffusion front
could be close to ideal. Compared to the implanted profile, there is
more compensation in the emitter, but this does not appear to be a
serious drawback. A comparison of the diffused and PED transistor
profiles with the same base width showed a reduction in r} of about
1.8 10 1 for the PED device.

F. Coniacts

The slice is again photomasked and the reverse contact mask is
used to open up the base contact areas. A number of contact systems
are suitable for microwave transistors. Aluminum in general is not
suitable because of the difficulty in obtaining clcan shallow junc-
tions. Systems based on the following metals have been used success-
fully on a variety of microwave devices: contacting metals (Al, Mo,
Ni. Cr, Ti, P1Si); barrier metals (W, Mo, P1): and top metals (A, Au)
When platinum silicide is used, the platinunt must be deposited first
and the silicide formed either during the deposition process or by
the subsequent heat treatment. Silicide will form only in the contact
opening over the bare silicon and the remainder of the platinum can
be removed chemically. The refractory metal is deposited next and



then the gold. An electron gun or sputtering is used in the deposition
of the refractory metal.

Sputtering of the metal results in a contact that adheres well, but
excessive heat can cause sufficient damage to make the dc current
gain of the device quite low. After photographically defining the con-
tacts, the transistor is ready for the final processing.

A G. Final Processing

These steps are essentially the same as for lower frequency tran-
sistors. Slices are normally processed at about a 0.01-in thickness.
During the processing. the back becomes contaminated so that it is
later lapped off to a final thickness of approximately 0.005 in. For
high-power transistors, the final lapping has an additional benefit in
that it reduces the thermal resistance of the die. After lapping, the
slice may or may not be gold backed depending upon the die attach-
ment system used. Backside gold is usually doped with phosphorous
to insure that the metal semiconductor interface is nonrectifying. i.e.,
the n-type dopant on the n substrate will not produce an unwanted
junction. The slice is then diced in the usual manner and is ready for
packaging.

H. Other Variations

Conventional photomasking. which uses 3000-4000-A light, has
a limitation due to interference effects. This limit is in the order of
1.0 um. An electron beam is now being used to define the geometry
of smaller elements (for example, the emitter stripes). The beam 1s
guided clectronically, or the slice is moved mechanically, to trace
out the desired pattern. Electron beam definition can probably be
extended to give lines of less than 0.10 ym. Fig. 13 summarizes the
process flow for a silicon planar microwave transistor.

I. Packaging

Transistors have conventionally been supplied in packages to
protect the die and to increase the size of the unit so that a typical
user can handle it conveniently. At the higher frequencies (i.c.,
>4 GHz), it is becoming apparent that conventional packaging will
not be practical, and the die must be mounted directly in a micro-
wave integrated circuit. For example, a chip mounted in the 0.07-in
package will give 1 dB more gain at 4 GHz than it will in a package
twice the size, but even then the chip parameters are measurably
degraded by the smaller package. The main reason for this degrada-
tion is that the sealing system must occupy a physical space that
separates the chip from the external circuit. This separation results
in an increased lead inductance that reduces gain and bandwidth.
The physical configuration of the package influences this loss to
some extent and a coaxial package will perform slightly better. How-
ever, the coaxial package does not lend itself well to other than co-
axial circuitry, while the trend today is more and more to microstrip.

Microwave transistor packages. where they can be used. should
give adequate protection from the environment in which they are
to be used. As a package is made smaller it becomes increasingly
difficult to obtain a reliable hermetic seal. Three sealing technologies
are presently in use: glass-to-metal, ceramic-to-metal, and plasti.
Of the two hermetic systems, a glass-to-metal seal is the easier to
realize, but it is also the more fragile. Ceramic-to-metal seals rely on
a sophisticated brazing technique and are somewhat more expensive
to build, but are superior mechanically. A package built using the
latter technique is shown in Fig. 15(c). Plastic seals are economical
but nonhermetic and, in addition. degrade the characteristics of
higher frequency transistors. The loss in gain suffered at these
higher frequencies in a small-signal transistor seems to be due more
to increased capacity than to the losses in the potting diclectric. A
new sealing technique, where the seals are sandwiched into the
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Microwave transistor packages. A and B are small signal,

Fig. 15.
and C and D are power. (Courtesy Ceradyne, Inc.)

TABLE 11
Approximate Thermal Conductivity

Material (cal ecm™'*C™")
BeO y 0.56
Cu 0.97
Al,O, 0.045
Glass 0.002
Si 0.24-0.35
Diamond’ 1.51

uncured ceramic or brazed into slots in the ceramic. gives promise
of a more rugged package for small-signal applications.

If there is sufficient dissipation within the transistor to raise the
temperature of the chip over 125°C, the package design must also
include means of dissipating the heat. The thermal resistance 0 of a
package is usually given in °C/W; thus

Ty =T, + Ph. (73)

A junction temperature T; of 125°C is now considered a good num-
ber for a high-reliability system. The thermal resistance 6 will in-
clude the resistance in the chip itself plus that of the package, and
any other resistance in the heat path to the final sink which is at T,.

Most circuit applications require that the collector be isolated
from the ground plane, which means that the package must include
an insulator. Beryllium oxide (BeO) is the most commonly used
material. Table II gives a short list of the thermal characteristics of
several materials. It shows why BeO is preferred to Al,O, and why

-diamond is regarded as the ultimate in an insulating heat sink.

Present-day power devices are thermally limited by the resistance of
the chip itself. Most of the dissipation in a transistor takes place in
the collector depletion layer. This is less than | u from the upper
surface, while the die thickness is in the order of 75-125 pym. It is
difficult to thin chips to less than 50 um. and the handling and assem-
bly problems are multiplied. An inverted mounting technique. such
as used for avalanche diodes. will be the ultimate approach to mini-
mizing thermal resistance in transistors. A reliable system for
separating the emitter and base contacts is the biggest obstacle yet
to be overcome before inverted mounting will become practical.
There is a further benefit to this type of mounting if the emitter 1s
made the common element. The advantage is that the common lead
inductance will also be reduced with the result that stability and gain
are both improved.

IV. MEASUREMENTS

This section will be concerned primarily with measurements that
are used to determine basic parameters and control the fabrication
process. Noise figure measurement would usually be considered a



Fig 16. Test sctup for measuring f,. Here R, =

E L L] z 03

\ 1mcxm
N\ ATTENUATOR

10kQ; R, =V, /I;; R; =1 0;

C, =0.5-5 pF; C;, C, =0.05 4F; and C, =0.001 4F.

performance criterion, except that for microwave transistors it is the
only means of obtaining values for certain parameters. The measure-
ments discussed here are an important part of the information
*“feedback loop” in transistor design. The discussion will include
measurement of f7, f,. 1,7, Cc, Pepir Cre, and riCe.

A. Measurement of fy .

In the section on current gain it was pointed out that f; is an .

extrapolated parameter [17) obtained by measuring Jh,| in the
6-dB-per-octave falloff region, ic.,

Sr= fudp'_hl (74)

where [h,,| is obtained at the test frequency. The first step in the
measurement of f7is todetermine a proper test frequency so that [17)

2 < |k} <10
If the approximate value of f; is not known, the test frequency

must be obtained by trial and error. The validity of a measurement is -

checked by changing the frequency by one octave and looking for a
6-dB change in |h,,|

For most microwave transistors, a suitable f test frequency is
in the range of 400-1000 MHz. If measurements are made only occa-
sionally a transfer bridge (GR 1607A) can be used. However, if fr
must be monitored continuously, two other alternatives are possible.
The first is to measurt the scattering parameters and then from
these calculate |h,,|, where

0 -28,, 1
7 (148,00 + 5,) + 8,8,

The calculation is not simple and is best done using a computer.
It is also possible to measure |h,,| directly using a special text fixture.
A suitable setup for 400 MHz is shown in Fig. 16.

C, and L, are used to tune out the package and fixture input
capacity. R, is the constant current source. It is made by evaporating
tantalum on a 0.140- by 1.00-in ceramic rod and anodizing it to the
desired resistance. For 1 percent accuracy,

0.026
R 2 mo[lh,.l o Y ]

The resistor R, is a 1-Q disk or several chip resistors in paralleL
Note that the system shown uses an AM-modulated 400-MHz test
signal. This makes possible a very small input test current into the
transistor itsell. An RF voltmeter can also be used, but sensitivity
may be a problem.

B. Measurements of f,

.. . This parameter is not directly accessible in microwave transistors
because the terminal value of @ may pever drop to /2/2 due to
parasitics. However, f, can be obtained from a noise figure plot.

@3)

(76)

Fig. 6 shows how the corner frequency f, is obtained. From this and
(77), £, is obtained.

Kf? 1
fom | —% an
1+-—+
R, 2R hn
where
K=(R.+f‘+’:)z. (78)

227K,

C. Measurement of n

This parameter is the drift field factor and, like f;, must be in-
ferred from noise measurements. First, f; and f, are obtained as
outlined in Sections IV-A and B. Referring to (35) we obtain

n= [% - 1.2!]11.1.
&
D. Measurement of r,

The classical method of obtaining base resistance was simply to
measure h,, at a relatively high current and frequency, i.c.,

(79)

0.026
he i+ = % )
If I, is large,
hy=r (80)

This is again a case of the older method no longer being usable. If
the second term on the right-hand side of (71) is to be negligible, then
the test frequency must be in the gigahertz range. As a result h,,,
becomes very complex. A more accurate expression is then

y 0.026

£

+ oL, (L))

bie=n+o Lb""—

Thus the measurement of h, ,, is not a useful approach to obtaining
r, in a modern microwave transistor.
Referring to the noise figure expression (7), let

te < (£

<< —
hn
and
@ = 1.
Under these assumptions, the plateau frequency noise figure F, is
(R +r,+nP
F,=1 + = + - . (82)
R' 2R¢ ZRI J"l
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Fig. 17. Graphical solution to 7, when R, = 50 Q.

A suitable frequency for measuring this noise figure is 1.0 MHz
Since R, and r, are known and hy; is easily obtained, (82) can be
solved for r;. Although the solution is not difficult, it is tedious, and
a graphical approach is indicated. Fig. 17 is a graph for one set of
test conditions.

Since r;, or part of it, is frequency dependent, the value obtained
by the procedure is the asymptotic Jow-frequency value. However,
the results, when substituted into -the noise figure expression (7)
and the calculations of Fig. 11, agree very well. This technique is
particularly useful in evaluating the contact resistance. since it
affects noise figure in the same manner as does r;.

E. Measurement of Cr¢

The total collector capacitance (exclusive of contacts) is obtained
most easily by probing the base diffusion before the emitter has been
put in. A bridge or direct reading meter can be used for the measure-
ment. Care should be taken to balance the instrument with the probe
in position but not quite touching the base area.

The contact capacitance can be obtained by probing the com-
pleted chip and subtracting out the device collector capacitance.

Collector capacitance under the emitter (Cc; or C¢;) can be ob-
tained for a simple low-frequency transistor by measuring the r,C¢
time constant and dividing by r;. For microwave transistors the time
constant is somewhat more complex and should actually be referred
10 as h,,/jw. Section IV-H gives more detail on h;,.

F. Measurement of Pepi

This is the resistivity of the collector epitaxial region. It is ob-
tained by making a diffusion into the epitaxial layer, either as a
special diode or as the base of a transistor. The capacitance is then
measured as a function of the applied voltage (i.c.. reverse bias) from
a fraction of a volt up to breakdown. or to where AC/AV becomes 0.
Which occurs first will depend upon p, the depth of the diffusion,
and the thickness of the epitaxial film. For n-type silicon in the
1-10-Q - cm range,

2 -2
‘.77(‘_3.:) T‘ 10 Gsom:
(V+ x5

Note that ¢, the contact potential or barrier voltage, appears

@®3)

/
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OISTANCE FROM SURFACE (APPROX.) IN pM

Plot of p versus X, for an epitaxial film.

Fig. 18.

in (83). It can be eliminated from the equation by taking the differen-
tial and then evaluating the slope of the capacitance versus voliage
curve. The differential method is extremely tedious and requires a
a computer for accurate evaluation. On the other hand. if ¢ is known
with a reasonable degree of accuracy and the epitaxial film is not so
thin that it depletes out at a very small voltage, then a value for ¢ can
be assumed without impairing the usefulness of this approximation

From the same measurement the depletion-layer width X, can
be obtained.

A,,mx x 6.7 x 10-2

O (84)

X, =
A typical curve of p versus X, is shown in Fig. 18. This is an actual
plot made from a transistor base diffusion. Note the very abrupt
transition from n to n*. This is characteristic of epitaxial material
grown by a low-temperature process. It is obvious that this measure-
ment also yiclds another important parameter, the thickness of the
epitaxial region.

G. Measurement of Crp

The emitter transition capacitance can be obtained from the
plot of 1/l versus 1/f;. If the depletion-layer transit time and col-
lector time constant are neglected, then

1 kT

1
2 —(Cyzg + Cyc+ Cx) + —- (85)
wr " ok TE TC x) s
The slope of (85) is
l )
kT )
——-{’ = Cre+ Ere Tl (86)

{r.

Therefore, the slope divided by a constant kT/g is (Cyg+ Crc+ Cx).
A typical plot is given in Fig. 19. Cy and Cy¢ are determined from the
previous section and must be subtracted from (86) to obtain Cyg
alone. The extrapolation of the linear portion of the curve through
0 (i.c.. Iy= o) yiclds wy,. The value thus obtained for wy; will not
be the intrinsic value but will also include the collector depletion-
layer transit time, ie..

1 1
Drimes D1 Wy
The correction can easily be made remembering that
X
"—,‘ - ii’: (43)
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Fig. 20. Equivalent circuit for deriving A,, and r,C.

and
2ze0(V + @)
- (250 o
These can be combined with (68) to yield for n-type silicon,
1
— =3x10"[p(V + @) (89)
wy
H. Measurement of ryC,
This parameter is related to h, ,, such that
[hy 28] = wriCe (90)

where h, ,, is the common base reverse voltage transfer ratio. It is
derived from the simplified model given in Fig. 20, where it is obvious
that

h,,,i;;="+- ©1)
b joCe
If w is selected properly,
1/wCe >> 1y,
and
[hy2y] = @riCe. - (92)

The model given above is much too simple for a microwave
transistor. However, the total r,C product that will be obtained by
this measurement is still of use. Base on Fig. 11 a more exact expres-
sion for h,, is
hyy = jedry,Ce, + 1,Ce, + 11,Ce, + RiCoun)

+ n,Ce, + n,Ce, + 1,,Cc,) (93)

To dissect (93) into its various components is a tedious job re-

Fig. 21.

r,Cc test fixture.

quiring many measurements. The contact resistance is best obtained
from a test pattern on the chip and the other portions of C. by scaling -
from known dimensions.

The measurement of h, ,, is simple in theory but difficult to imple-
ment due to the very high ratio of V,/V, for a good microwave
transistor. For example, if r; equals 20 Q, C equals 0.02 pF, and f
equals 320 MHz, then

sl = 8 x 1074,

A test signal of 1 V for ¥, is near the maximum allowable while still
maintaining small-signal conditions; this makes V, for the above
calculation equal to approximately 0.8 mV. Standard RF voltmeters
usually have a maximum sensitivity of 1.0 mV full scale, and 0.8 mV
is read on the meter scale with the poorest accuracy. This indicates
that a higher test frequency is desirable, but with the attendant prob-
lems in isolation.

An r,C. test fixture requires some form of neutralization to
cancel out the residual capacity of the fixture itself and that of the
transistor package. Fig. 21 shows one form of such a test circuit. The
circuit also includes a filter to attenuate the harmonics of the test
signal. An output tank circuit allows tuning of the probe and other
distributed capacity. The test frequency 319 MHz, was selected so
that with V,=1V, r,C¢ in picoseconds is V,/2. In order to maintain
the high isolation required, this fixture should be built in the form
of 2 box with milled cavities.

V. ConcLUsION

The theory of microwave transistors and their limitations has
been well established, and performance can be predicted with rea-
sonable accuracy. New technologies developed in the past five years
have made it possible to approach frequency limits more closely than
was first thought possible. The present era is one of new fabrication
technologies rather than breakthroughs in theory. Radiation as an
adjunct or replacement for diffusion, electron beam masking, etc.,
is being used to make better transistors, but the materials limitations
still exist and are not likely to change. In the next year or so, small-
signal transistors will become useful in the X band and power devices
in the C band. Power transistors will not replace tubes where the
very high peak powers are required. However, in phased array sys~
tems where modest average powers are needed, the transistor will
eventually predominate. At the lower end of the microwave region
near | GHz, small-signal transistors will continue to replace paramps
as the 1-dB-maximum noise figure limit moves into the 1-2-GHz
band.

84



L LE R

NOMENCLATURE

Common-base current gain.
Common-base current gain at low frequencies.

. Intrinsic alpha determined by base transport only.

Base transport factor : the ratio of minority carricrs in-
jected from the emitter into the base to the number
arriving at the base edge of the collector-base depletion
layer.

Low-frequency value of *.

Collector—depletion-layer transport factor: the ratio of
carriers leaving the collector-base depletion layer to
thosec entering it from the base.

Emitter injection efficiency: the ratio of the minority
carrier current injected into the base from the emitter to
the total emitter current.

High-frequency value of 7.

Low-frequency value of ;.

Bandwidth (Hz).

Relative dielectric constant.

Permittivity of free space.

Drift field factor.

Thermal resistance (C/W).

Mobility.

Distance in microns. -

The constant, 3.1416 -

Resistivity (2 - cm).

A time constant.

Minority carrier lifetime in base region.

Base transit time.

Collector capacitance-resistance charging time.
Collector depletion-layer time constant.

Emitter capacitance-resistance changing time.

Transit time for carriers from emitter to collector.
Collector depletion-layer transit time.

Contact potential of a junction.

Radian frequency, 2nf.

“See f,, fy, etc.

Area in general.

Area (mil?).

Collector area.

Emitter area.

Capacitance of collector-base junction.
Capacitance of emitter-base junction.

Diffusion capacitance of collector-base junction.
Diffusion capacitance of emitter—base junction.
Transition capacitance of collector-base junction.
Transition capacitance of emitter-base junction.
Collector capacitance (inner) under emitter.
Collector capacitance (outer) outside emitter.

Components of collector capacity.

Diffusion constant, for minority carriers.

Electric field (V/m).

Thermal noise voltage due to base resistance.
Mean-square value of base thermal noise voltage.
Noise factor (figure).

Plateau noise figure: noisc figure of a transistor in mid-
dle-frequency range., where dF jdf =0.

Frequency.

Frequency where fa| has dropped to \/2/2.

Frequency where |4, has dropped to ((/2/2W1,,0.
Frequency where |*] has dropped to (\/2/2)83.

Upper noise corner frequency, where F=F,+ 3 dB.

A characteristic frequency [see (28)],= 1/2n{W?/2D).
Frequency where the extrapolated |h,| goes to unity.
Intrinsic value of f, as determined by base transit time
only.

Maximum frequency of oscillation ; the highest frequency
at which a device will oscillate in a lossless circuit, or the
frequency where the unilateral gain is unity.

Gain.

Low-frequency gain.

Maximum available gain (sometimes called MAG): gain
of an unconditionally stable device when input and
output are simultaneously conjugately matched.
Common-emitter current gain.

Dc common-emitter current gain.

Low-frequency common-emitter current gain.

Dc collector current.

Collector cutoff (a leakage) current.

Dc emitter current.

Emitter shot noise current. .

Emitter shot noise current. mean-square value.
Collector shot noise current.

Collector shot noise current, mean-square value.
Signal current flowing into active part of emitter admit-
tance.

Total signal current flowing into emitter terminal.
An arbitrary constant.

Boltzmann's constant, = 1.38 x 10722 J/°K.
Diffusion length; average distance carriers will diffuse
before recombining.

Base lead inductance.

Emitter lead inductance.

Length.’

Noise measure.

Impurity concentration (atoms/cm?).

Impurity concentration in base at collector edge.
Impurity concentration in base at emitter edge.
Impurity concentration in collector adjacent to base.
Power dissipated.

Electronic charge, =1.6 x 10~ '" C.

Base sheet resistance.

Emitter sheet resistance.

Source resistance, for noise measurement.
High-frequency collector series resistance.

Base spreading resistance.

Components of r}.

Emitter resistance, =kT/qZ;.

Stripe dimension, in general.

Refer to Fig. 11.

Time.

Temperature (°K).

Transistor junction temperature.

Transistor heat sink temperature.

Unilateral gain; the gain of a device with a lossless uni-
lateralizing network and both ports conjugately
matched.



i Scattering limited velocity of carriers.
w Base width.
W,

A Widths in transistor geometry (refer to Fig. 11}
W
X, Depletion-layer width.
Xa Collector-base junction depletion-layer width.
Xae Emitter-base junction depletion-layer width.
Z;, Input impedance of a transistor.

V4 Output impedance of a transistor.
Z, Collector impedance.
V4 Emitter impedance.
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