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Coherent Transistor

Anatoly A. Grinberg and Serge Luryi, Fellow, IEEE

Abstract—We consider the high-frequency operation of an
abrupt-heterojunction transistor with ballistic transport in the
base. The coherent regime arises at temperatures low enough
compared to the injection energy, that the injected minority
carriers form a nearly collimated and monoenergetic beam. The
coherent transistor can have both the current gain and the
power gain at frequencies far above the conventional cutoff.
The extended frequency of an intrinsic transistor is limited by
the dispersion in the minority-carrier times of flight across the
base, rather than the average time of flight itself. The unilat-
eral gain U calculated for an exemplary heterostructure, in-
cluding the parasitics, demonstrates an active behavior of the
coherent transistor in extended frequency ranges.

I. INTRODUCTION

N A RECENT PAPER [1] we discussed the nature of

a high-frequency current gain rolloff in heterostructure
bipolar transistors (HBT) with collisionless (ballistic)
propagation of minority carriers across the base. In an
ideal ballistic transistor, the current gain 8 decreases with
increasing frequency entirely because of the dispersion in
the velocities and the incident angles of injected elec-
trons. Members of a minority-carrier ensemble, injected
into the base at the same time, arrive at the base—collector
junction at different times. The variance A7 in base transit
times 75 has the effect of washing out a modulation of the
injection current density introduced at the base-emitter
junction by the input signal. The mechanism of current
gain degradation in a ballistic transistor is quite similar to
the Landau damping of density waves in collisionless
plasmas.

The purpose of this work is to discuss the operation of
a ballistic transistor, when

A7 << 713 1)
i.e., when the injected electrons form a collimated and
monochromatic beam. A good approximation to such a
beam results from the passage of electrons across an
abrupt heterointerface. For electrons traveling across the
base with a normal velocity vg, a periodic modulation of
the injection at the emitter interface with a frequency f
sets up an electron density wave of wavelength A = vy /f.
When (1) is fulfilled, the amplitude of this wave does not
appreciably decay over the entire base width Wy, In this
case, we shall be speaking of a ‘‘coherent’” base propa-
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gation; transistor operating in such a regime will be re-
ferred to as the coherent transistor (CT). It will be shown
that the CT can have both the common-emitter current
gain 3 and the power gain exceeding unity at frequencies
far above the usual f7, limited by the base propagation
time.

It should be clear from the outset that the coherent op-
eration is likely to require cryogenic temperatures. The
band structure of an HBT can be engineered [2] in such a
way that the minority carriers are injected into the base
“‘over a cliff ”” (Fig. 1) of energy A; we shall refer to this
type of transistor as the abrupt-junction HBT or a-HBT.
For the ballistic regime of minority transport to hold over
the entire base width (and we shall be interested in rather
long bases, W, = 1000 A), the injection energy should
be arranged so as not to exceed the optical phonon emis-
sion threshold A < hAw,,. Typical values of hwgp are 54
meV in Si and 36 meV in GaAs. To fulfill (1), on the
other hand, the electron kinetic energy A must substan-
tially exceed the thermal spread, whence we need

2
ooy = A = % >> kT @
which means that the implementation of a CT requires at
least liquid N, temperatures.

The possibility of using transit-time phase shifts in a
bipolar junction transistor to extend the active transistor
operation into a range of frequencies beyond the usual fr
has been discussed by a number of researchers [3]-[8]. A
cornerstone of that discussion has been the negative dy-
namic output impedance, which can be achieved due to
the phase delay in minority-carrier drift across the collec-
tor space-charge region, as proposed originally by Wright
[3]. This idea, attractive for millimeter- and submillime-
ter-wave applications, has gained a lot of attention [4]-
[10]. Besides further developing Wright’s ‘‘translator’’
concept, assuming [4], [5] a conventional junction tran-
sistor implementation, several authors considered similar
concepts in the context of HBT [6]-[8], unipolar ballistic
transistors [9], and field-effect transistors [10].

Transistor transit-time oscillators can be regarded [3]-
[5] as a dipole between emitter and collector, with the
base being open-circuited at RF while normally biased in
dc. From this point of view, the *‘translator’’ is quite sim-
ilar to transit-time diodes [11]. The negative dynamic re-
sistance arises from a combination of the injection phase
delay ¢ = ¢r + ¢p (the total transit angle of the emitter
and the base) and the drift delay 6 in the base-collector
junction.

0018-9383/93$03.00 © 1993 IEEE



GRINBERG AND LURYI: COHERENT TRANSISTOR

Fig. 1. Schematic band diagram of an abrupt-junction heterostructure bi-
polar transistor (a-HBT). Minority carriers are injected into the base ‘‘over
a cliff”” of energy A.

A more general point of view [6]-[10] is to consider
the negative-resistance frequency regions as resonances in
the unilateral power gain U, which is defined [12] as the
maximum available power gain of a device after it has
been made unilateral by adding a lossless reciprocal feed-
back circuit. Realization of a maximum available gain re-
quires the load resistance be matched to the output resis-
tance Re (z,,). If the latter is negative, then the gain can
be increased [9] by including an additional positive resis-
tance in series with z,,. It is, therefore, possible, in prin-
ciple, to use transistors with a negative output resistance
for the implementation of high-gain amplifiers as well as
oscillators. '

Unfortunately, however, the practical possibility of ex-
tending the active transistor behavior beyond fr is se-
verely limited by parasitic effects. According to Tiwari
[8], the utilization of transit-time resonances, arising from
carrier drift across the collector junction in a conventional
GaAs/AlGaAs HBT with diffusive base transport, re-
quires a reduction of the base and collector resistances, as
well as the collector capacitance, by factors of 10 from
estimates, based on the state-of-the-art technology.

As will be shown in the present work, there is a two-
fold reason why the transit-time effects in conventional
bipolar transistors are swamped by the device parasitics.
On the one hand, the exponential decay of the base trans-
port factor |og| ~ e”¥* with the phase g acquired in a
diffusive propagation of minority carriers across the base,
implies that the overall phase of the collector current (¢p
+ g + 0) must be acquired almost entirely at the expense
of the collector phase delay 6. On the other hand, the in-
creasing 6 also diminishes the negative dynamic resis-
tance of an intrinsic transistor below the level necessary
to overcome the influence of parasitic elements. Colli-
sionless base propagation by itself does not qualitatively
change this situation, because of the Landau damping of
the current gain [1]. Only in the coherent regime, (1), is
it possible to acquire a sufficient phase ¢ = 7 in the base

'We remark that power gain in the translator frequency bands, where Re
(z22) < 0, is not accompanied by a common emitter current gain 3 exceed-
ing unity. The narrow-band figure of merit f,,,, of such devices substan-
tially exceeds their broad-band figure f. As will be shown in Section 2,
the coherent mode of base propagation modifies the usual 10-dB /decade
rolloff in 3 and opens up ranges of frequency, where 8 > 1, above the
conventional f7. This effectively makes f; a narrow-band figure of merit in
the CT.
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transport alone without a significant penalty in the mag-
nitude of the base transport factor ap.

The current gain of a coherent transistor is discussed in
the next section. It will be shown there that an ideal CT
(without external resistances or capacitances and neglect-
ing a transit delay 6 in the base-collector junction) has 3
> 1 in a set of resonant bands of frequencies centered at
f,=2mvfr,v=1,2, -+, where fy = Q2x71p)~" is the
usual cutoff frequency of such a transistor. Including the
collector delay 6, we shall show that increasing the base
width, and therefore the delay ¢p, can lead to a strong
enhancement of 3 in the frequency range where for ¢ =
O one had 3 << 1. A simple physical picture of this effect
will be presented.

It will be also shown in Section II that magnitudes of
the resonant peaks themselves decrease with the fre-
quency as 8 (f,) = 1 /(27 f2A73), where At% = (13) —
(7). This means that in a coherent base propagation by
minority carriers it is the dispersion in their time of flight,
rather than the average time of flight itself, that deter-
mines the extended current gain cutoff frequency f,. Un-
der the condition (1), the fundamental cutoff f, can sub-
stantially exceed f7.

The unilateral gain of a coherent transistor will be con-
sidered in Section III. Our analysis will be based on an
equivalent circuit [8] that includes both the internal pa-
rameters and the external parasitic elements. It will be
shown that the coherent base propagation can change the
transistor behavior from passive to active. We find that
the CT has an active behavior in extended frequency bands
even when we include realistic values of the base and col-
lector resistance.

To facilitate the search for optimum parameters, we de-
rived analytic expressions for U, z5,, and A3, in an explicit
form that includes the parasitics and can be applied to
heterojunction as well as homojunction transistors both in
the ballistic and the diffusion regimes. This helps to iden-
tify the parameters that must be minimized in a practical
realization of the coherent transistor. An exemplary CT
structure is discussed in Section IV and our conclusions
are summarized in Section V.

H. CuUrRrReNT GAIN

Consider first the base transport factor ap for a “‘per-
fectly’’ coherent transistor, in which all injected electrons
travel toward the collector with the same velocity vg =
(2A/ m)'/?. In this case, a periodic modulation of the in-
jection at the emitter interface sets up in the base an elec-
tron density wave of the form

iw(t —2/vB) (3)
where ng is the amplitude of the concentration modula-
tion. At any point in the base, the electron current density
J(z, t) equals —envg and the complex transport factor ag
hence is

n(z, t) = nye

_JWa 1)
=0,

—iwTB

(C)
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where 75 = Wp/vp. In an intrinsic transistor, the com-
mon-emitter current gain is given by a/(1 — ap) and
equals

. _ exp (—iwrg/2)
Hor = 2i sin (wrg/2) (5a)

1 1
2|sin (w75/2)| ws<1 w7p

B =|ml = (5b)

The usual procedure for the determination of fr in a mi-
crowave transistor is to extrapolate the data measured at
relatively low frequencies to unity gain at 20 dB /decade.
Since for wrg < 1 the current gain of a CT rolls off very
accurately as w™! (i.e., 20 dB /decade), as seen from (5b),
the extrapolation procedure will produce the usual value

1

27l'TB ’

fr= ©6

However, in a coherent transistor f; is not the funda-
mental current gain cutoff. Equation (5b) indicates the ex-
istence of frequency windows, centered at f, = 2xvf, or

w,7g =21, v=1,2,--- o
and characterized by 8 > 1. The physical origin of this
effect is evident from Fig. 2. Neglecting recombination
in the base, the only reason that the base current is flowing
in a microwave transistor is to maintain neutrality of the
base layer by screening the injected charge. The resonant
frequencies f, correspond to an integer number » of pe-
riods A = vp/f of the density wave (3) in the base. To
the extent that the wave is not decaying in amplitude in a
perfect CT, the total minority-carrier charge in resonance
does not fluctuate at all. The output current modulation is
thus accomplished with no RF current input, hence the
“‘infinite’” gain.

Note that in a diffusion transistor, the minority-carrier
concentration amplitude must necessarily decay with the
distance toward the collector and hence the total injected
charge in the base oscillates at any frequency. A similar
effect occurs in an incoherent ballistic transistor, due to
the Landau damping of minority-carrier density waves. In
an imperfectly coherent transistor, the density wave is
Landau damped to some extent and the base current has
a finite value at all frequencies. This idea is mathemati-
cally expressed as follows.

Consider the intrinsic current gain of the ballistic a-
HBT, taking into account a realistic inbound electron dis-
tribution at the base-emitter interface. For a thermal dis-
tribution the result is given by [1, eq. (14)]. In the limit
of slow recombination, Tep >> 7p, Where 7, is the cap-
ture time for electrons at energy A, that equation reduces
to

ap = S e—e—iwf(e) de (8)
]
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Fig. 2. Minority-carrier density wave, propagating with a speed v across
the base of a ballistic transistor. The wavelength X equals 27vp/w. Res-
onances in § arise when Wy = v);. a: coherent, off-resonance; b: coherent,
in resonance; c: Landau damped.

where
Tr -~ A
= w7 A = —
O =T on kT
W, 2kT\'/?
T = —2 vr = (——) . C)]
Ur m

The frequency dependence of 8 = |ap/(1 — ap)|, cal-
culated from (8), is shown in Fig. 3, where we plot 8%(w)
assuming the dimensionless coherence parameter A = 5
and the values of A and Wy such that 75 = 1 ps. The gain
peaks occur approximately at f, given by (7), their mag-
nitude decreasing with the frequency as f 2.

In the CT limit A >> 1, we find from (8) the following
asymptotic expression for ap:

~iwT,
e B

"1 = iwrg/2A°

The approximate dependence 3%(w), calculated from (10)
is plotted in Fig. 3 by the dotted line. We see that (10)
gives an excellent approximation to the exact result (8)
for A = 5. It can be used, therefore, to calculate the peak
gain values. The maxima 3, occur at those values of & =
w, where Im (ap) = O while Re (ag) > 0. Whence we
find

ap (10)

8A* 24’
(@,7)  (vakT)

)]

which shows that the peaks are proportional to A? and
decrease with the frequency as w 2.

It is instructive to derive the result (11) in a different
fashion, allowing for more general—not necessarily ther-
mal—incident electron distributions at the base-emitter
interface. We can interpret (8) as an average (exp
(—iwT)) over a distribution of the times of flight 7, viz.

og = S p(r)e ™" dr. (12)
In other words, ajy represents the characteristic function
[14] of a random variable 7. Suppose that 7 is distributed
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Fig. 3. The intrinsic common-emitter current gain of a coherent transistor.
Solid line shows B%(w) = |hg,|?, calculated from (9), dotted line from (11).
The dashed lines indicate the gain rolloff in the conventional frequency
range (f < f7) and the extended range (f > f;).

normally with a mean 7 and a dispersion A7

p(T) o e—(r—?)z/ZAﬂ_ (13)
The characteristic function of this distribution is [14]
ap = e—im?e—(wAT)z/Q. (14)

The maxima of 8(w) = |ap/(1 — ap)|, with ag(w) given
by (14), occur at w = w,, where

w,T = 27, v=12 --- (15)
and for wA7 < 1 they are given by
2
= . 1
B(w,) waTz (16)

The thermal distribution (8) corresponds to p(7) = exp
(r7/7* — A), as seen by substituting e(r) = (r;/7)? —
A [from (9)] into o(1) = exp [—e(7)]. For this distribu-
tion, we find to lowest order in A™'.

Rl

2a° " \2&

which shows that (16) is in agreement with (11). Equation
(16) demonstrates that for a coherent base propagation of
minority carriers, the fundamental current gain cutoff is
determined by the dispersion in their times of flight f, =
1/(v2 na7).

In contrast, for a diffusive minority-carrier base prop-
agation the high-frequency complex transport factor is of
the form

2 —\2
=15 A =((r -7 = L= <i> (17)

1
cosh [Riwrp)'/?]
{(1 + iwrp) !,

—w7D ,—iwTD
2e e S

Op =

for wrp << 1

(18)
for wrp = 1
where 7, = Wp /2D is the base transit time by diffusion.
Accordingly, the current gain at low frequencies equals 3
= 1/w7p and rolls off at 20 dB /dec, but above f; the gain
becomes exponentially small. The phase shift of order 27
is reached only when |ap| has become small and there is
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no room for useful resonances. For the same reason, the
base transit angle ¢p cannot be optimized in a transistor
based on diffusive transport. The total injection delay ¢
= ¢p + g in Wright’s translator is mainly due to a ca-
pacitive phaseshift ¢, like in BARITT oscillators, and is
far from reaching the optimum value ¢ = 7 featured by
IMPATT diodes [11].

The stark contrast between the coherent ballistic and
the diffusive modes of base transit by minority carriers,
can also be seen from Fig. 4, where we include a transit
angle 6 = w7 across the base—collector junction. As is
well known, the inclusion of 8 in the overall common-
base gain K, is accomplished by multiplying «p with a
collector transport factor o, i.e.,

oga
By = T (19)
— Qplc
Assuming a saturated drift velocity v,, one has [13]
1 — —i6 . 9’ —ig’
e = e =sm( )e 20)

i0 0’
where 6’ = wrc and 7¢ = 27¢ = W¢/v, with W being
the width of the base—collector space-charge layer. The
dotted line in Fig. 4(a) shows the common-emitter current
gain, limited only by the collector transit 7o = 1 ps. This
curve corresponds to setting 7, = 73 = 0, which gives oy
= 1 for either diffusive or ballistic base transport. The
dashed line corresponds to a diffusive transport with 7, =
2 ps (while keeping the same 7 = 1 ps). The cutoff has
shifted to lower frequencies, as expected. The solid line
represents a ballistic transistor with 7 = 1 ps, 73 = 2 ps,
and A = 10. We see the dramatic re-emergence of a large
gain in the frequency range, where not only the diffusive
transistor, but even the transistor with no base delay at
all, are completely damped. The origin of this effect is
evident from Fig. 4(b), where, following [1], we plot the
complex trajectories a( f) = —h, for the same three cases
as in Fig. 4(a). Solid circles mark the positions, corre-
sponding to the peak frequency f, in Fig. 4(a). We see
that the addition of a coherent delay boosts the overall
phase of « by the amount 5 = 27(1 — f,7¢), bringing
about the condition [Im (a) = 0, Re (o) > 0] that max-
imizes 3, while |« is still large (=0.7).

It is instructive to consider the following question: why
is it that the phase shift, obtained in a coherent base trans-
port, is advantageous compared to that arising in the sat-
urated-velocity transport across the base-collector space-
charge region? After all, both delays are gained in a con-
stant velocity carrier propagation. We have not even con-
sidered the dispersion in the transit angle 6, arising from
the distribution of hot-carrier velocities in the collector
junction, which would further degrade all transit-time ef-
fects, arising from the transport across that junction.
Mathematically, the answer is evident from (19) and (20):
the disadvantage of a saturated-velocity propagation re-
sults from the factor sin (6')/6’ which diminishes the
magnitude of the complex transport factor a at high fre-
quencies. Physically, the difference is rooted in the nature
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Fig. 4. The intrinsic current gain, including the collector delay 7 = 1 ps. Dashed lines correspond to zero base delay, dotted
lines to a diffusive delay 7, = 2 ps, and solid lines to a CT with A = 10 and a ballistic delay 75 = 2 ps. (a) 8> = |h2,|? versus
frequency. (b) Phase trajectories of a(w) = —h,. Solid circles mark the positions corresponding to the peak frequency f, =

400 GHz of the solid curve in part (a).

of screening of a dynamic charge moving inside or outside
a conductor. Minority carriers moving inside the base in-
duce a base current only to the extent that their total charge
varies in time. Under the condition (7), the base RF cur-
rent vanishes, while the collector current (neglecting 6)
oscillates in phase with the minority-carrier density arriv-
ing at the junction. In contrast, carriers moving in the de-
pleted layer induce currents of equal magnitude in both
the base and the collector electrodes [15].

III. THE UNILATERAL GAIN, INCLUDING
TRANSIT-TIME EFFECTS

Fig. 5 shows an equivalent circuit of a ballistic HBT
with abrupt emitter-base heterojunction. It includes the
intrinsic parameters Ry and Cj (the differential resistance
and capacitance of the emitter-base junction, respec-
tively), Cc (the collector junction capacitance o =
agagac (product of the emitter, base, and collector trans-
port factors), and Rj (the intrinsic base resistance), as well
as the extrinsic collector capacitance C¢, and the parasitic
resistances Rp,, Ry, and Rg,. We are interested in calcu-
lating the unilateral gain U of this model two-port, assum-
ing an abrupt-junction HBT with ballistic base propaga-
tion. For comparison, we shall also consider the case of’
a-HBT with diffusive base transport. We shall refer to
these two models as the a-HBT(B) and the a-HBT(D), re-
spectively. The coherent transistor is evidently a special
case of a-HBT(B)—supplemented with condition (2).

Neglecting Ry, the common-base intrinsic admittance
parameters are given by

) gr + iwCg
Y*[a-HBT(D)] =
r-g47:1e %)
. + iwC,
Y"[a-HBT(B)] = < 8t £
—8EQpQc

: al E

' C E )

, i o) :

S e | (" :
| H H |

E H [ H C
—_ ! (4 | — [+
%v‘v‘v‘v‘v‘v s Av‘ v‘v‘v‘vA : '_ '—,"W_.
Rex | Re ! Rex
Rg
Cex
I' f RB:

Fig. 5. Equivalent circuit of an abrupt-junction heterostructure bipolar
transistor with ballistic propagation of minority carriers. The intrinsic por-
tion, corresponding to the matrix (21b), is indicated by a dashed line. For
diffusive transistors, the intrinsic portion must be replaced by a two-port
block described by matrices (21a) or (22).

where gz = 1/Rg is the differential emitter conductance,
84 = ge(kT/eV,), with V, being the Early voltage, A =
Mo(1 + iwry,)'/?, and Ny = (D7,,)"'/2 with 7., being the
recombination time of thermalized electrons in the base.
The collector transport factor «c is defined by (20). The
two expressions (21) differ by the Early effect, which
modulates the output conductance in a-HBT(D), while
being entirely absent in a-HBT(B). If the Early effect is
neglected, then both expressions are formally identical,

0
8a%cAWp tanh (A, Wp) + iwC (21a)
cosh (Ap Wp) @t
0 ) 21b)
iwCC (
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but the base transport factors ap involved are different.
For a-HBT(B) the complex «p is given generally by (8)
and in the CT limit (assumed henceforth) by (10), whereas
for a-HBT(D) one has ap = 1/cosh (AWp). Portion of
the equivalent circuit described by (21b) is shown in Fig.
5 by the dashed line. Note that this circuit does not de-

. _ Rel(d — agagac)Ce, + Ccl
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For the case of a-HBT(B) the common-emitter impedance

matrix
e €
in 2
(I
Z - < € e
21 12

is easily calculated from the equivalent circuit in Fig. 5

24

= + agRr + Rz, + R 25

AT T Ca ¥ Co(l + ioRpCoy) |+ XERE T Ko+ Nex (252)
a1 - agagac)RpCe,
¢, = + agRz: + R 25b
227 Cor + Co(l + iwRyCoy 7 T Rex (25b)
_(XE(XECIC(l + leBCCx) + inBch

3 = + agRe + R 25
2 i[Cer + Co(l + iwRyCe)l SERE T REc 25¢)
252 — (1 — agogoc + leECCaE)(l + l(J.)RBCCJ) + inECCXaE + REx + RCX_ (25d)

scribe diffusive transistors. To agree with (21a), the in-
dicated portion of the circuit has to be modified in accor-
dance with the Early effect.

The a-HBT(D) model [16], [17] should be carefully
distinguished” from the case of a graded-gap emitter-base
junction (g-HBT), considered previously [8] in the con-
text of transit-time effects on the unilateral gain. Small-
signal operation of a diffusive g-HBT is described by the
classical bipolar (homo)junction transistor (BJT) theory
(cf. [18], [19])

ge tanh (Ap Wg)
Ap tanh (AWjy)

_8each tanh (A, Wp)
Ap sinh (AWp)

Y*[g-HBT] =

The unilateral gain U can be calculated from any of the
following equivalent expressions:

|20 — lel2
U= 23a)
4Re @) Re @) — Re @) Re @] 0
- |}’2| - )’12|2 (23b)
4[Re (y11) Re (¥2) — Re (y12) Re (y3))]
2
[hy + hyl 230)

~ 4[Re (b)) Re (hy) + Im () Im ()]

where z;, y;, and h; are the impedance, the admittance,
and the hybrid parameters of a transistor, respectively.

*The two models lead to qualitative differences in the electrical charac-
teristics, both static and high-frequency. The difference is rooted in the fact
that while the quasi-Fermi level Ef, of minority carriers is continuous in
the g-HBT, like it is in a BJT, in the a-HBT(D), like in a forward-biased
Schottky diode, Ef, suffers a discontinuity at the emitter-base interface.
Of course, for a ballistic transport of minority carriers the Ey, concept is
not applicable at all.

+ iwCE

Using (23a) and (25) we obtain for U the following
expression:

U= |O‘EaBO‘C|2
4[T'; — Re (apapoc) - Ty — Im (agagac) * Ty
(26)
where
' = w’Ry Cor(Rp Cox + ReCe + R Co)  (272)
_ 8a\Wp
cosh (Ap Wp) sinh (AW,
(Ap Wp) (AW )
84 A\Ws + iwC
cosh (A\pWp) tanh (AWj) ¢
T, = wRzCc[1 + (Rp./Rp)(1 + Cg/Cc)
+ w’Rp(Rp; + Rey) C] (27b)
T3 = |ag|*0’ReRpCE(1 + [(Rp, + Rc)/Ral
[ + Ce/Ce) + (@RpC)D)
+ w’CtRy[Rs, + Re,(1 + Ce/Ce)
+ Rp(Cey/ C)]
+ (Rg.Rpe + RgRee + R Rgy)
[0 + Cee/Cc) + (@RpCe)™N) 27¢)
and
1
o = ———, Tg = RECE' (27d)

T+ iwTE
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Fig. 6. Frequency dependences of the unilateral gain |U|, the output resistance ry_= Re (z3,), and the common-emitter current
gain 8 = |h3,| in the intrinsic limit of a coherent transistor. Assumed parameters: A = 10, 7c = 1 ps, 753 = 2 ps, Cc = 0.5 fF,

Re=5Q, Ry =25Q.

The current gain h3;, = —z5, /25, is of the form
he _ (aEaBac - inECCaE)(l + inBCCx) - IW(REXC& + RECCXaE + RBCCX) (28)
21 =

[(1 - anzBaC) + leECCaE](l + inECCx) + iw[RECCxaE + (REX + ch)Cé]

where C¢ = Cc + Cg, + iwRpCeCc,. Formulas (24)-
(28) are valid for a-HBT(B); they retain the same form for
a-HBT(D) if the Early effect is neglected. Similar for-
mulas, neglecting the Early effect, and valid for g-HBT
with either diffusive or ballistic transport, as well as gen-
eral expressions for A3, including the Early effect, are
presented in the Appendix.

The product of three transport factors in (26) is given
by

cos (¢ + 60) — cos (¢)

Im (agapac) = 2 lagag]  (29a)
sin (¢ + 6) — sin
Re (apagac) = 14 ; ) lagag|  (29b)

where ¢ = ¢z + ¢p, 0 = w7y, pp = wrp, and § = WTe.
Consider first the intrinsic limit Rz, = Rg, = Rg, = 0
= C¢,. The output impedance, (25d), becomes

1 — agagac

4
in = ;
ICUCC

+ aERE =1y + l'.szz. (30)

If we assume for simplicity that wry << 1, then ap =
e """ to first order in wrr and we have

__cos (p) — cos (¢ + 6)
- wCCO

rn |ag| + Rg (30a)

_ __0 + sin (¢) — sin (¢ + 6)

Xy = " CC 0 (30b)

lagl — Reog

in agreement® with [4] and {7]. The unilateral gain as-
sumes the form

_ lagacl 1 _ _lapac|?
4wRsCc wRpCe — Im (apapae)  4w>CiRpry’

(3D

The frequency dependences of |U|, ry,, and |45, in the
intrinsic limit of a CT are plotted in Fig. 6. Note that
while in the low-frequency region one has U > 0, the
sign of U changes on passing the peaks of |U|. In the
range where U < 0, the transistor is active even if |U] <
1, since one can bring about the regime with U > 1 by
adding an external resistance. For positive U, the activity
criterion remains the usual U > 1. This condition is ful-
filled in the entire range between the second and the third
peak, where the output resistance is positive. We see that
the condition r,, < 0 is not a necessary requirement for
the transistor to be active in an extended frequency range.

Next, consider a model in which we retain the parasitic
resistances but eliminate the extrinsic capacitance C¢, =
0. In this case, to within terms linear in w7, the unilateral
gain can be reduced to the following form:

_ |05130lc|2 1
4w2C2C(RB + RBx) Riff + I

(32)

*For BJT transit-time oscillators, Wright’s original paper [4] gives a more
general result, which includes the Early effect and allows for a nonuniform
base doping.
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where R®™ = R (Ry + Rg)/(Rz + Ry,) and

_ cos (¢) — cos (¢ + 0)

o wcca |C¢B| + RE + REx + RCX'

(33)

Equations (32) and (33) show that when parasitic ele-
ments are included, then the condition of negative output
resistance does not imply U < 0 (the converse is still true,
U can only be negative if r), < 0). These equations dem-
onstrate the root of the discouraging result in Tiwari’s
analysis [8] of the diffusive transistor. Indeed, with dif-
fusive transport in the base there is no way of avoiding a
penalty in the magnitude of the factor (29a) responsible
for negative output resistance. In the intrinsic case, this
factor has only a mild competition from wCcR; and the
negative dynamic ry, can easily be achieved, so long as
Rg is sufficiently low. With the parasitic elements added,
we need to minimize the resistance (RT + r,,), which
requires the factor (29a) be large and negative. If ¢ <<
1and ¢ + 8 = 27, then (29a) equals —|ag| ¢? /47w Cq,
which is small even for Jaz| = 1. On the other hand, if
the condition ¢ + 6 = 27 is accomplished with approx-
imately equal contributions from both o3 = 6 = =, then,
for the diffusive transport mechanism, the factor (29a) be-
comes small because of oz ~ exp (—¢p). With realistic
values of the parasitics, this factor is inadequate for mak-
ing U negative.

With the coherent transport in the base, we have the
opportunity to enhance the overall phase by increasing the
delay ¢p, keeping the collector delay # < 1. In this case,
the factor (29a) becomes approximately equal [ —sin (¢ +
0')] and for ¢ + 6’ = 3w /2 the output impedance r, is
negative, provided

wCc(Rg + R + Re, + RS < 1. (34)
Note that the longer the base, the lower the frequency at
which the phase relation in (29a) is optimal. Therefore,
inequality (34) can be fulfilled, provided the base width
Wy is sufficiently long, while the base transport can still
be regarded as ballistic. The latter condition is limited by
the momentum relaxation of low-energy minority carriers
in the base. If the ballistic scattering length is sufficiently
long, then the speed of a coherent transistor is limited by
the parasitics, as is evident from (34). This conclusion is
borne out by the numerical analysis of an exemplary CT
structure in the next section.

IV. EXAMPLE

Let us discuss the possibility of a practical operation of
the CT in an extended frequency range. The key condition
underlying the above theory is collisionless transport of
minority carriers across the base. Unfortunately, we are
not aware of any reliable calculation of the scattering time
for minority carriers in heavily doped semiconductors at
low temperatures and, therefore, confine ourselves to
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Re = 5 Q:um
Rg =25 Q-um
Rex =25 Q-pm
Regx = 20 Qeum
Rgy = 20 Q-um
Cc =05fF/um
Cg =10fF/um

Cee = 1tF/um

Lg = 05um

Fig. 7. Schematic diagram of an exemplary n-p-n heterostructure transis-
tor and the parameters assumed per micrometer of the collector width into
the page.

simple estimates. Consider inelastic scattering processes
first. Fulfillment of the inequality A < hw,y [cf. (2)] en-
sures that optical phonons cannot be emitted. Since we
also need kT << A in order to suppress the Landau damp-
ing, it is clear that optical phonon scattering is not oper-
ative. Similar argument applies to inelastic scattering of
minority carriers (electrons) by majority carriers (holes).
For typical hole concentrations p = 10" cm™3, the plas-
mon energy is Aw, = 50 meV. Since in our case the elec-
tron kinetic energy is well below Aw),, the inelastic inter-
action with holes is negligible.

Elastic interaction of minority electrons with the
screened Coulomb potential of impurities may be approx-
imately described by the Brooks-Herring approach. A
weakness of such estimates is in accounting for the
screening by the degenerate hold gas, which is a ‘‘poor
metal.”” Even at highest acceptor concentrations N,, the
Fermi-Thomas screening length r, is much shorter than
N;'/3. The strong screening effect ensures the validity of
Born’s approximation for the scattering of electrons. Thus
calculated scattering cross section o is practically inde-
pendent of energy and scales as ¢ o N/°. Assuming that
the base is made of GaAs with N, = 10'° cm ™3, we find
o = 3 X 107'° cm™?, whence the ballistic mean free path
of minority electrons is about 2500 A. Reliable data,
either experimental or theoretical, for the ballistic times
of flight of minority carriers in heavily doped semicon-
ductor layers at low temperatures would be very valuable.

Fig. 7 shows the assumed parameters of the structure
and estimated elements of the equivalent circuit, Fig. 5.
We assume that the transistor is operated at 4.2 K, and
that the ratio A/kT = A = 25. The fact that A is so large
is not important: coherent operation can be achieved with
A = 5 and even lower. Not specializing to a concrete
heterostructure, we assume that the ballistic velocity in
the base and the saturation velocity in the junction are
equal and 73 = 70 = 1 ps.

The unilateral gain |U| and the current gain |h,|* of
our exemplary circuit are plotted in Fig. 8. We see that
the conventional fr of this device would be about 100
GHz, but the transistor is active up to frequencies which
are a factor of 2= higher. Interestingly, the current gain
has been largely damped away by the parasitics, although
a trace of the peak is clearly seen near wrg = 2.
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Fig. 8. The unilateral gain |U| and the current gain 8 = }h3,| of an abrupt-
junction ballistic transistor with the parameters as in Fig. 7.
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Fig. 9. Negative output resistance r,, = Re (z5,) of an abrupt-junction bal-
listic transistor with the parameters as in Fig. 7, except the heterojunction
spike A, which is varied 5o as to produce a desired 75 = Wy(m/2A)'/2.

Again, as in the intrinsic case, the unilateral gain is
negative between the two peaks, indicating that Re (z5,)
< 0 in that region. The output resistance is plotted in Fig.
9 for several values of the base transit time 7p, which can
be varied by changing A while keeping all other parame-
ters as in Fig. 7. The 75 = 1 ps curve, corresponding to
the case displayed in Fig. 8, is emphasized by a fatter
line. We see that increasing 5 shifts the onset of rp <0
to lower frequencies and enhances the magnitude of neg-
ative ry;. Thus for 75 = 2 ps, the r,, < 0 range occurs
between 200 and 400 GHz with the center of activity near
300 GHz. In this case the tolerance of the parasitic ele-
ments would be considerably relaxed.

Let us compare the results in Figs. 8 and 9 against anal-
ogous calculations for a diffusive transistor with similar
specifications. We have assumed an abrupt-junction HBT
with the parameters identical to those in Fig. 7. The base
transit time 7, = W%/2D = 1 ps is adjusted by choosing
a diffusion coefficient D = 50 cm”/s. Fig. 10 shows the
unilateral gain U and the output resistance r,,, calculated
both in the intrinsic limit and including the parasitic ele-
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Fig. 10. The unilateral gain |U| and the output resistance r,, = Re (252)
of a diffusive transistor with the parameters as in Fig. 7.

ments. For simplicity, we have neglected the Early effect*
and used (A.13)-(A.16) of the Appendix. We see that
while the intrinsic U exhibits transit-time resonances,
these effects are completely swamped by the device par-
asitics. The output resistance becomes negative only in
the intrinsic case. This example confirms the result first
obtained by Tiwari [8] and demonstrates the advantage of
a coherent base propagation.

V. CONCLUSIONS

We have presented a theory of high-frequency behavior
of abrupt-junction heterostructure bipolar transistors with
a collisionless transport of minority carriers in the base.

Special *‘coherent’ effects arise in the regime when the
injected carriers form a collimated and monoenergetic
beam in the base, i.e., in the limit when their average
ballistic velocity is sufficiently large compared to the ther-
mal spread in the velocity normal component. Realization
of a coherent transistor is restricted to cryogenic temper-
atures.

Coherent base propagation results in the existence of
resonances in the common-emitter current gain k5, at fre-
quencies far exceeding the usual f; of an intrinsic transis-
tor. Moreover, they open up one or several wide bands of
frequencies above fr, where the transistor is active.

Characteristics of the coherent transistor have been fur-
ther analyzed in an equivalent-circuit model in which the
three terminals of an intrinsic device are loaded with par-
asitic resistances and capacitances. To facilitate the anal-
ysis, we have derived analytic expressions for U, h%,, and
73, which can be applied to heterojunction transistors both
in the ballistic and the diffusion regimes. With the value
of parasitic elements estimated from the standard low-
temperature material parameters of an exemplary het-

*By using the general formulas given in the Appendix, we have verified
that inclusion of the Early effect (with ¥, = 500 V) produces no tangible
modification of the curves in Fig. 10 even at room temperature.
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erostructure, we have found that the coherent transistor
retains its active behavior in an extended frequency range.

Physically, the active behavior of a coherent transistor
results from the phase shift between the collector current
and voltage, acquired during the minority-carrier transit
across the base. We have compared this effect with an
analogous effect, discussed previously [3]-[8], in which
a negative dynamic output resistance is achieved due to a
phase shift in the carrier transit with a saturated velocity
across the base-collector junction. For transistors with a
diffusive base propagation, we share the pessimistic con-
clusion [8] that because of the practical limitation im-
posed by device parasitics, collector transit-time effects
can hardly be used to extend the transistor activity to
higher frequencies.

APPENDIX
ExpLICIT FORMULAS FOR SMALL-SIGNAL TRANSISTOR
PARAMETERS

It is convenient to have explicit expressions for the
quantities U, h3;, and z5, in terms of the parameters of the
equivalent circuit in Fig. 5, with the two-port block sur-
rounded by the dashed line represented by general com-

ol (yl. + Ry, + (R + R o
Q yn = RgA, — Ry A

where
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mon-base admittance parameters

P — [)’11 )ﬁz}
Y1 Y22

This block corresponds to an intrinsic transistor but ex-
cludes the base resistance Rj. Inclusion of the elements
Ry and C, leads to the following matrix:

o <)7|1 y”.2>
Vu In
1 /yn + RgA
=- < H Ty _ (A2)
9 \yn — RgA, yn + RgA, + iwCc.q

(A1)

Yi2 — RBAy

where
g=1+ RBZy (A3)
Lo=yn +yn +yy +yn (A4)
Ay = yuyn = yiyau- (A5)

Inclusion of the remaining extrinsic elements in Fig. 5,
viz. Rp,, Rg,, and R, yields

Q=1+yu(Rp + Rp, + Rg) + yn(Rp + Ry, + Rey) + (yi2 + y2)(Ry + Rp) + AyRy(R¢, + Rgy)

+ iqwCcRp; + Rc) + Ay(RgRe, + ReRp, + Rg.Rey)

AO = Ay(l + iwCCXRB) + ichXy”.

Yiz — RgA, — Rp. A ) (A6)

Y2 + RBAy + (RB): + REx)AO + qu)CCx
(A7)
(A8)

Matrix ¥? is the common-base admittance matrix of the full circuit in Fig. 5. The common-base impedance matrix of

the full circuit is given by

+ RpA, + iwCe, — RgA
Y2 BAy lwcq+RBx+REx —yleBZ'*‘RBx
zb = bt~ R N ; A (A9)
- +
_%'*'Bx LB,_X+RBx+RCx
0
The common-emitter admittance and impedance matrices are of the form
pro L ( Ey + Rec + Re)do + iwCeeq —yi2 = yn ~ ReBo — iwCerq > A10)
@\ =y = yn — Rply — iwCeiq Y + (Rpe + Rp) Ay + RpA, + iwCe.q
+ RpA, + iwCq, + + iwC
Y2 Ay T wlcqg + Rp, + R, Yiz T Yoo T Wl g + Ry,
Ao AO
Z¢ = A 5 4 inC (A11)
w
Y Yo + lCeq Rs Y o Re. + Re,
4 Ao
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The common-emitter current gain can be expressed as fol-
lows:

_ Y+ yio + AgRe 9
Ev(l + iCOCCXRB) + q(REx + RCX) + iwCCX

(A12)

Since U is independent of the common lead configura-
tion, it can be calculated using either (A9) or (All) in
(23a) [alternatively, using (A6) or (A10) in (23b)]. It is
convenient to use (23a) and the common-base impedance
parameters (A9). The general expression is very messy,
but it simplifies considerably when the Early effect is ab-
sent. In this case, taking y;; = 0 and y,, = iwC, as ele-
ments of ¥ in (A1) [cf. (21) or (22) with g, = 0], we
find for U the following expression:

_ |)’21’2

(A13)

where
Ay = y1 Y51 (@ Ry Ce,[Rg C + ReiCe + Cey)]
+ i0[Rp(Cc + Cc) + (wRpCe)’
* (Rg: + Rc)Ce + RyCel) (A14)
4y = y110* (R, + Re)[(Ce + C,

+ Ce(wCeRp)’] + RpCE) (A15)

2
!

= |yl @’ (RelRp, CE, + ReCe + Ce)’ + Rp €3]
+ (RBXREX + RB)(RC\' + RCrREr)

“[(Ce + Ce)’ + wRFCLCL). (A16)

Using the explicit form of y,; and y,, for a-HBT, viz. Vi
= gr + ivCgand y;; = —gragac, (A13)-(A16) reduce
to (26), (27) in the text.
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