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Abstract— A negative RF-resistance effect in GaAs HBTs is de-
scribed. It results from the non-linear velocity – field characteristic
in GaAs, takes place in the bulk collector, and leads to|S22| exceed-
ing unity. Dependence on bias point and collector doping, and conse-
quences for modeling are discussed.

I. I NTRODUCTION

The electron-velocity – field characteristic in bulk GaAs
is nonlinear, with a negative slope at high fields. This leads
to negative differential resistances and finally to the forma-
tion of Gunn domains, which is used in transferred electron
devices (TEDs) to generate oscillations. In order to make
the Gunn effect possible, lengthL and electron densityn of
bulk GaAs must satisfy the following condition [1]:

L× n > 1 · 1012cm−2 (1)

The second requirement is an electric field large enough
to transfer electrons to satellite valleys. In GaAs,E >
3.2 kV/cm is required. In resistive bulk material, this con-
dition can be expressed in terms of the current densityJG
and dopingNc [2]:

JG = qvsNc (2)

with electron chargeq and the electron saturation-velocity
vs.

These conditions can be satisfied not only in TEDs, but
also in GaAs-based transistors. In GaAs MESFETs, for ex-
ample, it has been found that a negative resistance observed
in the drain-source channel can lead to|S22| > 1, and even
Gunn oscillations have been reported [2], [3].

Regarding GaAs HBTs, such effects can occur in the col-
lector region. Under low-injection, however, Gunn effect is
not observed, since the carrier concentrationn is too low in
the space-charge region, and thus eq. (1) is not satisfied. In
the non-depleted (ohmic) collector region, on the other hand,
the electric field is caused by the collector currentJc that is
lower thanJG given by (2). Even under high-injection con-
ditions, as is pointed out in a theoretical study [4], formation
of Gunn domains is unlikely to happen in usual HBT struc-
tures with uniformly doped collector, since the base push-out
(Kirk) effect will set in approximately at the current density
JG [5]. Under base push-out condition, the space-charge
region will extend from the base-collector to the collector-
subcollector interface, resulting in an effective widening of

the neutral base region into the metallurgical collector. Con-
sequently, no ohmic collector region remains. The length
of the space-charge region, on the other hand, is rapidly re-
duced with increasing current, and the length criterion (1)
will no longer be satisfied. With high collector doping, how-
ever, base push-out is reduced, and it has been shown in a
theoretical study [6] that accumulation-layer mode operation
is possible.

In order to obtain a pronounced Gunn effect it is proposed
to insert an additional highly doped layer between base and
collector [4]. This prevents base push-out and leads to a
well defined space-charge region small in width. Based on
this theory, it has been demonstrated [7], that a TED with a
HBT-like layer structure shows oscillations at 77 GHz. This
device in fact is an HBT with graded collector doping, that
is operated in common base configuration at high current
densities and a collector-base voltage below 1 V.

In this paper, it is shown — to the authors knowledge for
the first time — that negative resistance effects may occur
in high-voltage HBTs as well. These devices are designed
for 2 GHz power amplifiers in base-stations (27 V bias volt-
age, [8]). The layer structures mainly consists of a 700 nm
GaAs subcollector layer (n = 5 · 1018 cm−3), a 2800 nm
GaAs collector layer (n = 4 . . . 20 · 1015 cm−3), a 100 nm
GaAs base layer (n = 4 · 1019 cm−3), a 40 nm GaInP emit-
ter layer (n = 5 ·1017 cm−3), and GaAs and InGaAs contact
layers. The collector of these devices is thick and weakly
doped in order to obtain high breakdown voltages. As a con-
sequence, the Gunn effect takes place in the space-charge re-
gion at base push-out. In common emitter configuration, this
leads to|S22| exceeding unity. On the one hand, this effect
is important for oscillator applications. On the other hand,
although it is observed only at low voltages, it may affect the
high-voltage power amplifier mode as well, since the trajec-
tory includes the high current – low voltage region. How-
ever, it is not expected to lead to instability problems since
it occurs at frequencies well beyond the common range of
operation where circuit loss will suppress any instabilities.

Since the effect depends on collector thickness and dop-
ing as well as on bias point, HBTs with different collector
dopings ofNc = 4 · 1015 (type A),6 · 1015 (type B),8 · 1015

(type C), and2 · 1016cm−3 (type D) are investigated. The
effect appears most clearly in small-signal equivalent circuit
modeling. Accordingly, its impact on circuit topology and
element description is discussed as well.
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II. RESULTS

A. S-Parameters

Typical S-parameters of an HBT with Gunn effect are
shown in Fig. 1. In this measurement up to 100 GHz, it is
observed that the magnitude of the output reflection coeffi-
cientS22 becomes larger than unity in a certain frequency
range. It is a resonant behaviour that depends on bias point
and collector doping.

-5

0

5

10

15

0.1 1 10 100
0.5

1

1.5

2

2.5

|S
21

|

|S
22

|

f (GHz)

|S21|
|S22|

Fig. 1. |S21| and|S22| of 1(3× 30)µm2 HBT,Nc = 8 · 1015 atVce =
2V , Ic = 27 mA, f = 50 MHz . . . 100 GHz. It shows the typical
|S22| > 1 behaviour due to Gunn effect (f = 56 . . . 78 GHz).

From theory it is expected that the Gunn effect sets in at
the same current density as the Kirk effect. This is also ob-
served in the S-parameters. The empty symbols in Fig. 2
show the transit frequencies at a fixed collector-emitter volt-
ageVce = 3V as a function of collector current. As ex-
pected the Kirk effect, that leads to the1/Ic drop in ft,
sets in at higher currents for HBTs with higherNc. In this
figure, the solid symbols represent the frequency at which
|S22| > 1 reaches its maximum. This frequency will be re-
ferred to as resonance frequency due to Gunn effect. It is
directly extracted from the S-parameter measurements with-
out interpolation. It is observed that the Gunn and Kirk ef-
fects set in at the same collector current. The Gunn effect
is observed up to very high currents, and is not immediately
suppressed by base push-out. In the measurements shown
here, the Gunn effect vanishes completely only for the low-
est collector doping value, while it is still visible up to the
maximum measured current for the other types of HBTs. At
the same collector-emitter voltage, resonance frequency in-
creases with collector doping.

For higher collector dopings, the maximum|S22| value is
reached not only at higer currents, but also at higher volt-
ages. Additionally, the magnitude increases from|S22| =
1.5 at Ic = 11 mA, Vce = 2 V for type A to |S22| = 15.7
at Ic = 66 mA, Vce = 5 V for type D. The maximum fre-
quency is obtained atVce = 1.5 V at the onset of the Kirk
effect. It increases from 74 GHz for the lowest to a value
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Fig. 2. Transit frequencyft (empty symbols) and frequency of resonance
due to Gunn effect (solid symbols) atVce = 3V as a function of cur-
rent. Parameter is collector doping, type A:Nc = 4 · 1015cm−3,
type B:Nc = 6 · 1015cm−3, type C:Nc = 8 · 1015cm−3, type D:
Nc = 2 · 1016cm−3.

larger than 100 GHz for the highest doping.
Bias dependence of the resonance is shown in Figs. 3

and 4. As expected from physics, the effect shows a maxi-
mum near the onset of the Kirk effect, and is reduced with in-
creasing current. A wider space-charge region due to higher
Vce leads to a drastical decrease in resonant frequency. Also
the maximum value of|S22| is reduced.

1.522.533.5

Vce  (V)

10
15

20 Ic  (mA)

1.1
1.2
1.3
1.4
1.5
1.6

Max(|S22|)

Fig. 3. Bias dependence of maximum value of|S22| for HBT type A
(Nc = 4 · 1015cm−3).

B. Small-Signal Equivalent Circuit

In MESFETs, the Gunn effect is caused by the drain-
source voltage and modulates the small-signal admittance
Yds between drain and source. In HBTs, on the other hand,
the Gunn effect in the collector does not depend mainly on
base-collector voltage, but on collector current. Therefore,
it is observed that not only base-collector admittanceYbc,
but also current gainα is affected. This reflects the fact that
the voltage in the non-depleted (resistive) part of the collec-
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Fig. 4. Bias dependence of resonance frequency due to Gunn effect for
HBT type A (Nc = 4 ·1015cm−3). Vce = 1.5 . . . 3.5 V. The frequen-
cies are measured in steps of 2 GHz.

tor, as well as the number of electrons in the space-charge
region, is caused byIc, which is given byαIe.

Fig. 5. Small-signal equivalent circuit of the HBT.

The small-signal equivalent circuit is shown in Fig. 5. Af-
ter deembedding of the parasitics,α is determined from the
intrinsic Y-parameters [9]:

α =
Y21 − Y12

Y11 + Y21
(3)

Typical values forα are shown in Fig. 6. For low currents,
α shows its well-known low-pass characteristics. When the
Gunn effect is observed,α exhibits a resonant behavior with
a high maximum value, similar to the situation observed in
S22. For high currents, Gunn effect is canceled out by the
Kirk effect. The common frequency-dependent model forα

α =
α0e
−jωτ

1 + jω/ωα
(4)

with the parametersα0, τ , andωα fails in this case. The
polynomial

α = α0
1− jωτ − ω2τ2/2

1 + jω/ωα − ω2/ω2 − jω3/ω3
(5)

is therefore applied to describe the behaviour. While the
low-pass parameterωα remains unchanged, the exponential
term is approximated byex ≈ 1 + x+ x2/2. The terms re-
lated toω2 andω3 are inserted to account for the resonance
and to assure that the high-frequency limit ofα is zero. Fit-
tings obtained with this formula for all three cases, low cur-
rent, Gunn effect, and Kirk effect, are shown in Fig. 6.
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Fig. 6. Current dependence of magnitude of current gain|α| for HBT type
C (Nc = 8 · 1015cm−3); f = 150 MHz . . . 100 GHz,Vce = 1.5 V;
Symbols: extracted values, lines: model.

In order to determine the base-collector admittanceYbc,
the intrinsic base resistanceRb2 is extracted following the
algorithm given in [9]. Then, the following equation is ap-
plied:

Ybc =
Y22 + Y12

Y11 + Y21
· 1
Rb2

(6)

with Rb2 = 5 Ω for the HBTs under test.
While the Gunn effect is of major influence onα even

at low frequencies, Im(Ybc) shows a purely capacitive be-
haviour up to the frequency of resonance. In Fig. 7, it is
shown that Im(Ybc) for all currents exhibits a fairly linear be-
haviour up to 60 GHz, that can be modeled byYbc = jωCbc,
although the slope of the curves depends on current. In or-
der to determine the real part ofYbc, it is advantagous to use
Z-parameters. After deembedding ofCex from the intrinsic
equivalent circuit,Ybc is determined by

1/Ybc = Z ′22 − Z ′21 (7)

The real part ofYbc is plotted in Fig. 8. In absence of the
Gunn effect, Re(Ybc) has a positive value. In case of the
Gunn effect, it becomes negative, with a resonance at the
same frequency asα. This behaviour is similar to that ob-
served forYds in MESFETs. At high current, when the Gunn
effect is no longer observed inS22, Re(Ybc) still is slightly
negative up to a frequency that corresponds to a small maxi-
mum inα.

The frequency dependence is modeled by

Ybc =
G0 + jωC0 − ω2Y1 − jω3Y2

1 + jωY3 − ω2Y4
(8)
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which can be understood as a chain of threeRbc|Cbc
branches.

In Fig. 9, modeled and measured S-paramters are shown
for the HBT type A, in the bias point with maximum|S22|.
The agreement is good up to frequencies beyond the reso-
nance due to Gunn effect.
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Fig. 7. Current dependence of Im(Ybc) for HBT type C (Nc = 8 ·
1015cm−3); f = 150 MHz . . . 100 GHz,Vce = 1.5 V; Symbols: ex-
tracted values, line: model.
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Fig. 8. Current dependence of Re(Ybc) for HBT type C (Nc = 8 ·
1015cm−3); f = 150 MHz . . . 100 GHz,Vce = 1.5 V; Symbols: ex-
tracted values, line: model.

III. C ONCLUSIONS

Negative resistance effects in high-voltage HBTs are re-
ported. The Gunn effect in the thick collector region leads to
|S22| exceeding unity for mm-wave frequencies. High cur-
rents in a wide collector region are necessary for this effect
to occur. As expected from theory, it sets in together with
the base push-out effect, which in turn suppresses the Gunn
effect at high currents. For higher collector doping, the ef-
fect becomes stronger and is observed at higher voltages,
currents, and frequencies.

In the small-signal model, the Gunn effect leads to a res-
onant behaviour of current gainα and base-collector admit-
tanceYbc. In contrast to its usual low-pass behaviour,|α| is
found to increase beyond unity until it reaches the resonance
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Fig. 9. Measured and modeled S-parameters of type A HBT (Nc = 4 ·
1015cm−3); f = 150 MHz . . . 70 GHz, Vce = 2 V, Ic = 13 mA;
Symbols: measurements, lines: model

frequency. Up to this frequency, Re(Ybc) is negative. A sim-
plified model for this behaviour is proposed to describe the
S-parameters.

The effect may be exploited for oscillator applications and
should be considered for a refined modeling.
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