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Investigation and Modeling of Impact Ionization with
Regard to the RF and Noise Behavior of HFET
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Abstract—A new small-signal and noise-equivalent circuit for
heterostructure field-effect transistors (HFET’s), including the
influence of impact-ionization and gate-leakage current on the
electronic properties, is presented. The capability of the new
model is demonstrated by bias-dependent investigations of the
high-frequency (HF) (45 MHz up to 40 GHz) and noise behavior
(2 GHz up to 18 GHz) of the InAlAs/InGaAs/InP HFET. Further-
more, based on these results, the bias-dependence of the newly
implemented small-signal equivalent elements and the equivalent
intrinsic noise sources, are discussed.

Index Terms—Modeling, MODFET’s, noise, shot noise.

I. INTRODUCTION

H ETEROSTRUCTURE field-effect transistors (HFET’s)
with a low band-gap channel material, such as the

InAlAs/InGaAs/InP HFET, are well suited for high-speed
opto-electronic, and microwave communication applications
[1]. These transistors have demonstrated excellent RF and
noise performance, but at high drain–source voltages (),
impact ionization [2] in the channel degrades the dc and,
especially, the RF, as well as the noise behavior. This phe-
nomenon leads to high gate-leakage current [3] combined with
high output conductances and low breakdown voltages [4],
[5]. Up to now, conventional models [6], [7] are not able to
describe the influence of these effects on the RF and noise
behavior. In this paper, the authors present an extended small-
signal and noise-equivalent circuit, which allows an exact
modeling and prediction of the RF and noise behavior over a
wide frequency range where 1/-noise is negligible, including
the impact-ionization influence. Bias-dependent experimental
investigations as well as the modeling of the RF and noise
behavior, with special respect to the intrinsic equivalent noise
sources of InAlAs/InGaAs/InP HFET’s, clearly demonstrate
the reliability and the advantages of the new model.

II. I NFLUENCE OF IMPACT IONIZATION

ON THE GATE-CURRENT

At high drain–source voltages ( ), a drastic increase of
the gate current can be observed [8]. This is caused by im-
pact ionization and the generation of additional electron–hole
pairs in the channel of the HFET. Due to the applied electric
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Universiẗat, 47057 Duisburg, Germany.

D. Peters is with Nokia Mobile Phones, 44718 Bochum, Germany.
Publisher Item Identifier S 0018-9480(97)03922-7.

Fig. 1. Typical behavior of a gate-leakage currentIg in dependence on the
bias conditions and the illustration of superposition of the electron tunneling
componentIGe and the hole componentIGh. (LG = 0:15 �m, Wg = 100

�m, T = 300 K).

field, the electrons contribute to the drain-current and
the holes are transferred to the gate–electrode corresponding
to a tunneling probability . The increase of the gate-
leakage current at high drain–source voltages (Fig. 1),
demonstrates the influence of the additional hole–current.

The total gate current can be interpreted as a superpo-
sition of an electron tunneling component through the
Schottky barrier [9] and a hole tunneling component ,
caused by impact ionization. Now, the gate current can
be described by the following formula:

(1)

Here, is the ionization rate per unit length (impact-
ionization coefficient), which is strongly dependent on the
lateral electric field in the channel [10], [11]. Significant
generation of electron–hole pairs occurs only at the drain end
of the gate due to the intrinsic voltage drop over the high-
field region, where describes the effective length of this
high-field domain.

III. N EW SMALL -SIGNAL AND NOISE-EQUIVALENT CIRCUIT

Theoretical investigations [cf. (1)] as well as extensive
bias-dependent dc and RF measurements, have demonstrated
that the phenomenon of the impact ionization in the channel
strongly increases with higher drain–source voltage cor-
related to a higher average lateral-field strength [12], [13].
Fig. 2 shows the typical frequency-dependent-parameters
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Fig. 2. Measured (���) and modeled (�) scattering parameters versus fre-
quency of an InAlAs/InGaAs/InP HFET at a bias condition where impact
ionization occurs. (T = 300 K, VDS = 1:5 V, VGS = 0 V, Lg = 0:7 �m,
Wg = 80 �m).

Fig. 3. Measured (���) and modeled (�) current gainj h21 j2 and unilateral
gainGU versus frequency of an InAlAs/InGaAs/InP HFET at a bias condition
where impact ionization occurs. (T = 300 K, VDS = 1:5 V, VGS = 0 V,
Lg = 0:7 �m, Wg = 80 �m).

of an InAlAs/InGaAs/InP HFET at a bias condition where
impact ionization in the channel occurs. Fig. 3 illustrates the
corresponding current gain and unilateral gain (GU)
in dependence on the frequency and the extracted cutoff
frequencies and , respectively.

In the frequency range from 45 MHz up to about 3 GHz, a
strong inductive behavior of the output circuit correlated to the
output reflection coefficient can be observed. Furthermore,
due to a dispersion of the output resistance, the forward
transmission is reduced.

The recently published method [14] to describe this behavior
by an additional series connection of a resistance and an induc-
tance parallel to the output resistance , leads to unphysical
results which do not allow a realistic interpretation of the
impact-ionization phenomenon in the channel. Furthermore,
in this paper’s model, the electron–hole pair generation due
to impact ionization is represented by an additional voltage-

Fig. 4. Intrinsic and extrinsic small-signal and noise-equivalent circuit of
HFET including modeling of gate-leakage current and impact ionization on
the RF and noise behavior.

controlled current source in the output circuit of the transistor.
The investigation of the dc behavior has demonstrated that the
current source has to be controlled by the intrinsic drain–gate
voltage .

The circuit here is based on an extended temperature noise
model [15], which takes into account the influence of gate-
leakage current on the RF and noise performance. This new
equivalent circuit (Fig. 4) now considers the mentioned ad-
ditional voltage-controlled current source, characterized by

, and aRC-combination parallel to the output resistance.
represents the current component due to the impact

ionization controlled by the drain–gate voltage mainly
caused by the voltage drop at the high-field region at the drain
end of the gate. The frequency dependence is described by
the combination of and . The influence of the impact
ionization on noise is considered by the additional white noise
source parallel to the -controlled current source .
Due to the arrangement of the noise source and theRC
combination ( and ), the external short-circuit noise-
current differs from the intrinsic impact-ionization
noise-current and is given by

(2)

This formula describes the Lorentzian shape of the short-
circuit noise-current, which reflects the generation of elec-
tron–hole pairs due to the impact ionization.
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TABLE I
BIAS CONDITION, GEOMETRY DATA, PERFORMANCE DATA, AND

THE EXTRACTED SMALL -SIGNAL EQUIVALENT ELEMENTS

IV. EXPERIMENTAL VERIFICATION

A. RF Behavior

Using an HP8510C network analyzer and a commercial
noise-parameter measurement set-up (ATN and HP8970B), the
influence of impact ionization on the RF and noise behavior
has been investigated in dependence on the frequency and
bias conditions.

The small-signal elements, equivalent noise temperatures
( , , and ) and equivalent impact-ionization noise-
current ( ) have been extracted using an optimization al-
gorithm based on the simulated evolution (evolution theory
and genetic algorithms) [16]–[18]. The bias-condition, geom-
etry data, performance data, and the extracted small-signal
equivalent elements are listed in Table I. Fig. 2 also shows
the modeled scattering parameters, while Fig. 3 shows the
modeled current gain and unilateral gainGU of the
investigated InAlAs/InGaAs/InP HFET in the frequency range
from 45 MHz up to 40 GHz, respectively. Obviously, the new
small-signal equivalent circuit is well suited to model the RF
behavior, including the impact-ionization influence.

Fig. 5 shows a typical bias-dependent behavior of the ex-
tracted transconductance at room temperature. The low
transconductance at low drain–source voltages
reflects the small influence of impact ionization on the RF
performance in this bias range. With increasing drain–source
voltage, impact ionization and the inductive behavior of
occur, correlated to a drastically increased transconductance

. The bias-dependence of the transconductance
always exhibits a bell-shaped curve, but due to the bias-
dependence of the tunneling probability [cf. (1)] the
maxima of the curves are not exactly correlated with the
occurring hole current , seen in the input characteristics
of the HFET (Fig. 1).

B. Noise Behavior

The measured and modeled noise parameters (, , ,
, and ) of the transistor are shown in Fig. 6. Due to

Fig. 5. Impact-ionization transconductancegm;im in dependence on the
gate–source voltageVGS, with the drain–source voltageVDS as parameter.
(Lg = 0:15 �m, Wg = 100 �m, T = 300 K).

the Lorentzian shape of the external short-circuit noise-current
[cf. (2)] corresponding to an upper frequency-band

limitation, especially at low frequencies, a strong impact on
the noise performance can be observed. The phenomenon of
impact ionization now leads to an increase of the minimum
noise figure . The offset of the minimum noise figure
at low frequencies especially reflects the impact-ionization
process. In contrast to the influence of a gate-leakage current
[15], impact ionization leads to higher optimum generator
impedances and causes a strong increase of the equivalent
noise resistance at low frequencies, as well. The inductive
behavior of the output path of the HFET also affects the
associated gain and leads to an increase of at low
frequencies. The three equivalent noise temperatures (, ,
and ) and the equivalent impact-ionization noise-current
of the modeled extrinsic noise parameters are listed in Table II.

V. EQUIVALENT INTRINSIC NOISE SOURCES

The bias-dependent investigations of all equivalent intrinsic
noise sources [19] demonstrate the capability of the new
model. Fig. 7 shows that the extracted impact-ionization noise-
current drastically increases with higher drain–source
voltages ( ), used as a parameter in Fig. 7. In contrast, at
low drain–source voltages V, the impact-ionization
noise-current is negligible. In this bias range, electron
energies are smaller than the band-gap and are insufficient
to generate electron–hole pairs. With increasing drain–source
voltage above V, impact ionization occurs. This
leads to impact-ionization noise-currents which dominate the
noise behavior of the transistor and reflects the strong correla-
tion between impact-ionization, bias-condition, and generated
noise-current. Due to the fact that the level of the extracted
impact-ionization noise-current exceeds the equivalent
shot-noise drain-current ( ( ) in a wide range of
bias-conditions, carrier multiplication [20]–[22] is supposed
to occur in the high-field domain leading to the following
relation:

(3)
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Fig. 6. Measured (�) and modeled (�) noise parameters versus frequency of an InAlAs/InGaAs/InP HFET at a bias condition where impact ionization
occurs. (V

DS
= 1:5 V, V

GS
= 0 V, ID = 31:8 mA, Lg = 0:7�m, Wg = 80 �m, T = Ta = 300 K).

TABLE II
EXTRACTED EQUIVALENT NOISE TEMPERATURES AND NOISE

CURRENT OF THEMODELED HFET (V
DS

= 1:5 V, V
GS

= 0 V,
ID = 31:8 mA, Lg = 0:7 �m, Wg = 80�m, T = Ta = 300 K)

where reflects a function of the electric-field-
dependent multiplication factor [20]. The relation
between multiplication factor and the majority-
carrier impact-ionization rate-per-unit length can be
described according to [20]

(4)

Due to the position-dependent electric field, impact-ionization
rate, and using the above assumptions, no simple analyti-
cal expression can be derived for the relation between bias
conditions and generated impact-ionization noise-current.

The other equivalent intrinsic noise sources show the ex-
pected bias dependence [19] and reflects the strong correlation
between the equivalent intrinsic noise sources (, , and ),
and the physical noise sources, such as shot-noise drain-current

Fig. 7. Extracted equivalent intrinsic impact-ionization noise-currenti
im

in
dependence on the gate–source voltageV

GS
with the drain–source voltage

V
DS

as parameter.

[cf. (5)] and shot-noise gate current [cf. (6)].

(5)

(6)

The equivalent output noise-current in dependence on the
gate–source voltage and versus the shot-noise drain-
current is shown in Fig. 8. It can be seen that the equivalent
noise-current is mainly dominated by a reduced shot-noise
drain-current [23]. The mathematical interpretation of this
correlation is given by

(7)



REUTER et al.: INVESTIGATION AND MODELING OF IMPACT IONIZATION 981

Fig. 8. Extracted equivalent output noise-currentid in dependence on
the gate–source voltageVGS and on the shot-noise drain-current with the
drain–source voltageVDS as parameter, respectively.

here

and (8)

The behavior of the equivalent channel-noise voltage
(Fig. 9) in dependence on the gate–source voltageexhibits
an inversely proportional behavior to the intrinsic current-
gain cutoff frequency ( = /(2 ),
which reflects the strong correlation to the intrinsic delay-
time behavior of the HFET. A transformation of the equivalent
channel-noise voltage , characteristic for the input circuit of
the transistor, to a noise measure of the output circuit of the
HFET, can be done by multiplying with the ratio of the
square of the transconductance and the intrinsic current-
gain cutoff frequency . Now, the transformed channel-noise
voltage demonstrates a nearly proportional behavior to the
shot-noise drain-current (cf. Fig. 10). Using this “transforma-
tion” the equivalent channel-noise voltagecan be expressed
by following the linear approximation:

(9)

here

and (10)

Fig. 11 shows the equivalent gate-leakage noise-current
in dependence on the gate–source voltage and versus

Fig. 9. Equivalent channel-noise voltagevg and intrinsic current-gain cutoff
frequency fT in dependence on the gate–source voltageVGS with the
drain–source voltageVDS as parameter.

Fig. 10. Extracted transformed equivalent channel-noise voltage in depen-
dence on the shot-noise drain-current with the drain–source voltageVDS as
parameter, respectively.

the shot-noise gate current. The equivalent gate-leakage noise-
current is nearly proportional to the shot-noise gate current.
This clearly depicts that a gate-tunneling current causes pure
shot noise [cf. (6)] [19], [24], [25]. The described behavior
leads to

(11)

These presented dependencies demonstrate the capability to
separate the intrinsic noise sources and the correlation to
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Fig. 11. Extracted equivalent gate-leakage noise-currentip in dependence
on the gate–source voltageVGS and on shot–noise gate current with the
drain–source voltageVDS as parameter.

physical noise processes by the presented noise model. Fur-
thermore, two independent noise-parameter measurements are
sufficient to extract the unknown parameters (, , ,

) in (7)–(11). With the extracted bias-dependence of the
small-signal equivalent elements and of (7)–(11), the behavior
of the channel-noise voltage , output noise-current , and
equivalent gate-leakage noise-current of the HFET can
be predicted for any bias condition at any frequency where
1/f-noise is negligible.

VI. CONCLUSION

A new small-signal- and noise-equivalent circuit is pre-
sented, which allows an exact modeling of-parameters and
all noise parameters over a wide frequency range. In contrast
to conventional RF and noise models, the agreement between
measured and modeled scattering and noise parameters is
excellent, which allows the successful prediction and mod-
eling of small-signal and all noise parameters of various
monolithic microwave integrated circuits (MMIC’s) [26], [27].
Furthermore, the investigation of the bias-dependence of the
small-signal elements and of the intrinsic equivalent noise
sources demonstrates the capability of the presented model,
allowing a physical interpretation of various circuit elements.

-parameter (45 MHz up to 40 GHz) and noise-parameter
measurements (2 GHz up to 18 GHz) on InAlAs/InGaAs/InP
HFET have shown that impact ionization strongly influences

the RF and noise behavior. The output reflection coefficient
shows a strongly inductive behavior where the minimum noise
figure and the equivalent noise resistance drastically
increases at low frequencies.

REFERENCES

[1] L. D. Nguyen, A. S. Brown, M. A. Thompson, and L. M. Jelloian,
“50-nm self-aligned-gate pseudomorphic AlIlAs/Ga-InAs high elec-
tron mobility transistors,”IEEE Trans. Electron Devices, vol. 39, pp.
2007–2014, Sept. 1992.

[2] A. A. Moolji, S. R. Bahl, and J. A. del Alamo, “Impact ionization
in InAlAs/InGaAs HFET’s,” IEEE Electron Device Lett., vol. 15, pp.
313–315, Aug. 1994.

[3] W. Prost and F. J. Tegude, “High-speed, high-gain InP-based het-
erostructure FET’s with high breakdown voltage and low leakage,” in
7th Int. Conf. Proc. Indium Phosphide and Related Materials, Hokkaido,
Japan, May 1995 pp. 729–732.

[4] U. Auer, R. Reuter, C. Heedt, H. K¨unzel, W. Prost, and F. J. Tegude,
“InAlAs/InGaAs HFET with extremely high device breakdown using
an optimized buffer layer structure,” in6th Int. Conf. Proc. Indium
Phosphide and Related Materials, Santa Barbara, CA, Mar. 1994, pp.
443–446.

[5] U. Auer, R. Reuter, P. Ellrodt, C. Heedt, W. Prost, and F. J. Tegude, “The
impact of pseudomorphic AlAs spacer layers on the gate leakage current
of InAlAs/InGaAs heterostructure field-effect transistors,”Microwave
and Opt. Technol. Lett., vol. 11, no. 3, pp. 125–128, Feb. 1996.

[6] F. Danneville, G. Dambrine, H. Happy, P. Tadyszak, and A. Cappy,
“Influence of the gate leakage current on the noise performance of
MESFET’s and MODFET’s,”Solid State Electron., vol. 38, no. 5, pp.
1081–1087, 1995.

[7] M. W. Pospieszalski, “Modeling of Noise Parameters of MESFET’s and
MODFET’s and their frequency and temperature dependence,”IEEE
Trans. Microwave Theory Tech., vol. 37, pp. 1340–1350, Sept. 1989.

[8] U. Auer, R. Reuter, P. Ellrodt, W. Prost, and F. J. Tegude, “Characteriza-
tion and analysis of a new gate leakage mechanism at high drain bias in
InAlAs/InGaAs heterostructure field-effect transistors,” in8th Int. Conf.
Proc. Indium Phosphide and Related Materials, Schẅabisch-Gm̈und,
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